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ABSTRACT 
The recent finding as to the common distribution of antimicrobial peptides in multicellular 
organisms and their essential role in innate defenses has uncovered numerous possibilities 
for  novel  therapeutics.    Despite  the  diversity  of  these  peptides  among  organisms, 
investigations  have  revealed  surprising  similarities  regarding  their  structure  and  their 
antimicrobial  function.  The  insights  gained  from  studies  on  antimicrobial  peptides  have 
provided  new  strategies  and  templates  for  the  development  and  design  of  novel 
biomimetics  that may be used  in  therapeutic, pharmaceutical and  food applications.    It  is 
these features that are being used in the design of antimicrobially active peptide mimics in 
polymer and small molecule  forms, some of which were  investigated here  for  their broad 
spectrum  activity  alone  and  in  combination  with  functional  food  ingredients  (flavor  and 
aroma compounds) capable of enhancing their activities.   These novel combinations could 
be  beneficial  for  targeted  antimicrobial  applications.  The  multicomponent  systems 
developed here combine multiple functionalities – the abilities of the biomimetic polymers 
to  breach  the  gram‐negative  outer  membrane  and  the  activities  of  both  components 
against the cell membrane, and possible targets within the cytoplasm. Because they act on 
the  conserved  structure  of  the  cell  membrane,  these  treatments  may  be  difficult  to 
surmount  via  developed  resistance.  The  research  reported  here  bridges  the  fields  of  not 
only polymer chemistry and microbiology, but also of natural products.  As an example, the 
functional  food  ingredients  used  to  enhance  biomimetic  polymer  activities  were 
sesquiterpenoids, a class of naturally occurring terpenes that are found in plants where they 
serve  as  defensive  agents.    These  compounds,  including  bisabolol,  farnesol  and  nerolidol 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have previously been shown to enhance the activities of traditional antimicrobials such as 
antibiotics  (Brehm‐Stecher  and  Johnson,  2003).    Their  additional  ability  to  dramatically 
enhance  the  activities  of  biomimetic  antimicrobial  polymers  was  demonstrated  in  the 
present work.  
Additional antimicrobial approaches were examined  in this work,  including the use 
of essential oils and metal nanoparticles.  These compounds, either alone or in combination 
with  enhancing  compounds,  were  investigated  with  the  aim  of  developing  additional 
multicomponent antimicrobial systems.   While essential oils have been used since ancient 
times for their antimicrobial properties, their use in some applications has been limited due 
to their strong odors and lack of effective activity at organoleptically acceptable levels.  As a 
result, methods  capable  of  enhancing  their  antimicrobial  activities,  especially  in  complex 
matrices,  could be  key  to  their  advantageous use  in  food and  clinical  applications.   Here, 
several  different  essential  oils  were  combined  with  the  polyionic  compounds  sodium 
polyphosphate  and  polyethylenimine  and  the  activities  of  these  systems  were  examined 
against  a  range  of  human  pathogens.  These  polyions  were  found  to  be  capable  of 
potentiating  the  antimicrobial  activities  of  the  oils,  allowing  their  effective  use  at  lower 
levels.  
Metals  have  also  been  shown  to  be  broad‐spectrum  antimicrobial  agents  in  both 
their  ionic  and macrometallic  forms. While  these  forms  have  been  used  for millennia  as 
antimicrobials,  little is known about the activities of these metals  in nanoparticulate form, 
an area of great interest given the rapid growth of the nanotechnology sector. Therefore, a 
series  of  metal  nanoparticles,  including  several  novel  alloys,  were  evaluated  for  their 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antimicrobial  activities  and  for  their  physical  (binding)  interactions  with  microbial  cell 
surfaces.  Results  from  this  work  suggest  the  potential  for  using  commercial  metal 
nanoparticle  catalysts  as  novel  antimicrobial  compounds.  These  could  be  valuable  as 
components  of  antimicrobially  active  surfaces  or  therapeutics,  once  potentially  limiting 
safety issues of particle migration and toxicity are addressed.   
Taken  together,  physical  or  chemical methods  for  enhancing  the  activities  of  core 
antimicrobials as diverse as biomimetic polymers, metal nanoparticles and essential oils or 
other natural compounds could provide beneficial strategies for developing effective multi‐
agent  systems having enhanced antimicrobial properties.    The  resulting  systems may  find 
advantageous  use  in  applications  as  diverse  as  food  safety,  environmental  sanitation  or 
clinical therapeutics. 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CHAPTER 1. GENERAL INTRODUCTION 
INTRODUCTION 
The recognition of natural host defense peptides as effective antimicrobials has  furthered 
research in the areas of antibiotic, oral care and food preservative systems based on these 
natural compounds.  The ability of each species to adapt and live in certain harsh conditions 
is  greatly  attributed  to  their  own  set  of  unique  defense  peptides  that  are  targeted  at 
bacteria,  viruses,  and  other  pathogens  that  exist  in  the  environment.    It  is  these  natural 
defense  peptides  that,  due  to  their  antibiotic  or  defense  properties,  hold  the  promise  of 
being  effective  antimicrobials  when  introduced  into  other  systems.  The  focus  on 
antimicrobial  peptides  as  potential  therapeutic  agents  has  been  strengthened  in  recent 
years  as  a  result  of  continued discoveries  into  the many  roles  that  these  innate peptides 
play  in  the  natural  immune  defenses  of  complex  multicellular  organisms  (Boman,  2003; 
Hancock  and  Diamond,  2000;  Nusslein,  et  al.,  2006).  In  the  last  couple  of  decades, 
researchers  have  found  that  despite  the  functional  and  structural  diversity  of  organisms 
that display these peptides,  they share a number of common features  (Andreu and Rivas, 
1998; Zasloff, 2002). These cationic peptides are currently being wanted for use in a number 
of applications, including in the pharmaceutical industry where they are being developed as 
anti‐infective agents, some of which are already  in various phases of pharmaceutical drug 
development (Hancock, 2001; Zasloff, 2002) 
However,  while  their  potential  benefits  are  immense,  the  production  of  these 
peptides  requires  extensive  synthesis  that  can  incur  high  costs  and  time  investments, 
thereby limiting their potential and practical use. For these reasons, research has turned to 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the development  of ways  to mimic  these natural microorganism  fighters  for  introduction 
into medical,  industrial  and  food  safety  applications  through  the  synthesis  of  biomimetic 
antimicrobial  polymers.  A  novel  approach  to  the  development  of  new  antimicrobial 
compounds  remains  an  active  area  of  research  based on  the  idea  that membranes  are  a 
fundamental  feature  of  biological  systems.  It  is  these  membranes  towards  which  host 
defense  peptides  are  targeted,  bind  and  exert  their  antimicrobial  effect  that  results  in 
activity.  Increased  knowledge  as  to  the  binding  and  the  specificity  of  peptide‐membrane 
interactions are currently being  sought  in an attempt  to  further  characterize  their unique 
properties which impart activity. This understanding underlies the design of polymer mimics 
that  capture  the  essential  features  of  charge,  hydrophobicity,  chain  length,  amphiphilic 
conformation and other necessary components.  
Using these features as a backdrop for synthesis, biomimetic antimicrobial peptide 
development has revealed itself as an entirely novel method for creating mimics of effective 
peptides that occur naturally. These efforts allow for the potential to create comparatively 
active  compounds  while  reducing  several  of  the  underlying  disadvantages  of  natural 
antimicrobial peptides,  thus  furthering  their potential. Among the prospective advantages 
of polymeric‐based antimicrobial  synthesis  is  the ability  to create polymers with designed 
specificity based on the intended application or route of administration. In addition, these 
polymers are essentially non‐volatile, chemically stable and are unlikely to enter the skin of 
animals  and  humans  (Ronnie  et  al.,  2005,  Rivas  et  al.,  2003).    Increased  knowledge  of 
binding  properties  and  mechanisms  of  action  could  also  be  beneficial  in  an  attempt  to 
counter the increasing bacterial resistance issues that are becoming a growing concern for 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both the medial and food industries. It is these selective advantages of peptide mimics that 
are  currently  being manipulated  in  research  studies  to  optimize  structure  and  functional 
characteristics relating to activity and efficacy.  
Additionally, once the mechanism of action has been determined, it may be possible 
to create multicomponent antimicrobial systems with increased activity. Previous work has 
demonstrated  the  ability  of  certain  generally  regarded  as  safe  (GRAS)  flavor  and  aroma 
compounds  to  be  enhancers  in  the  uptake  and  activity  of  clinically  important  antibiotics 
(Brehm‐Stecher  and  Johnson,  2003).    This  approach  has  been  extended  here  to  enhance 
certain  biomimetic  antimicrobial  polymers  for  formulation  of  novel  antimicrobial  multi‐
component  systems.   These systems could be highly effective yet  low  in cost and easy  to 
manufacture on the  large scale needed for use  in pharmaceutical, clinical and  food based 
applications.    While  the  attraction  of  the  cationic  peptides  to  the  negatively  charged 
bacterial  membrane  underlies  their  potent  activity,  their  uptake  into  cells  is  also  a  key 
component that needs to be addressed.  This uptake can be impacted by inherent bacterial 
defense mechanisms  that  can  ultimately  result  in  decreased  activity  due  to  a  lack  of  the 
compound  reaching  the  site of  action.  The decreased  susceptibility of  bacteria,  especially 
gram‐negative  bacteria  to  antimicrobial  activity  has  been  shown  to  be  the  result  of  the 
outer  membrane  layer  surrounding  the  cell  wall  which  allows  restricted  diffusion  of 
hydrophobic  substances  through  its  lipopolysaccharide  surface  (Burt  et  al.  2005;  Smith‐
Palmer, et al., 1998; Vaara, 1992).   
While the outer membranes can effectively protect the cells from invasion, there are 
compounds  that  are  able  to weaken  the  lipopolysaccharide  layer of  the  cell  and  increase 
 4 
permeability  of  the  outer  membrane  (Alakomi,  et  al.,  2006;  Vaara,  1992).  These 
permeabilizers have various mechanisms of action that ultimately result in destabilization of 
the membrane.  This feature points to the possibility of creating an environment where the 
uptake of a potent antimicrobial could be enhanced in the presence of these permeabilizing 
compounds. Further combinations of hydrophobic compounds, including essential oils could 
be created using the documented polyionic permeabilizing compounds, polyethyleneimine 
(PEI)  (Helander, et al., 1997; Alakomi, et al., 2006) and  sodium hexametaphosphate  (SPP) 
(Vaara and Jaakkola, 1989).  These enhancing agents could effectively target and penetrate 
the outer membrane, in turn creating potent systems for use in targeted applications.  
In addition to these polyionic compounds that can penetrate the outer membrane, it 
is known that cationic compounds also posses this ability.  This is the result of electrostatic 
attraction  of  the  positively  charged  molecules  being  drawn  to  the  negatively  charged 
bacterial surface, followed by either membrane destabilization, destruction or subsequent 
effects  that  take place  intracellularly  (Brogden,  2001; Hancock,  2001).    This  occurrence  is 
termed  the  self‐promoted uptake hypothesis, which  involves peptide  interaction with  the 
negatively charged outer membrane surface, followed by displacement of magnesium ions.  
This  allows  the molecule  to  bind  the  lipopolysaccharides  or  to  neutralize  the membrane 
charge,  both  resulting  in  membrane  distortion.    The  compound  can  then  insert  and 
translocate across the bilayer of the cell (Hancock, 2001).  
In  light of  increased resistance mechanisms by bacterial species, the need for new, 
highly potent combinations has become a focus of research.   The possibility of developing 
these antimicrobial  systems using biomimetic antimicrobial  polymers based on properties 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highlighted  for  activity  demonstrates  promise.  Additionally,  development  of 
multicomponent  systems using natural or  food‐based compounds  for enhanced activity  is 
desirable  and  possible.    Development  and  use  of  green‐based  alternatives  to  commonly 
used preservatives have been increasing in popularity and have contributed to the progress 
in this research area with examples of these cooperative activities presented here.  
 
DISSERTATION ORGANIZATION 
This  dissertation  is  a  collection  of  work  containing  a  literature  review  (Chapter  2)  that 
summarizes  the  research  described  in  four  journal  articles  (Chapters  3‐6)  followed  by  a 
general  conclusion  (Chapter  7).    It  is  the  intent  that  Chapter  3  be  submitted  to  the 
Biotechnology Journal, Chapter 4 to Applied and Environmental Microbiology, Chapter 5 to 
Antimicrobial Agents and Chemotherapy and Chapter 6 to Langmuir.  A poster based on the 
paper entitled, “Wide‐Spectrum Biomimetic Antimicrobial Systems,” was presented at  the 
American Society of Microbiology Biodefense Conference in Baltimore, MD (February, 2008) 
and the Iowa State University’s Institute for Food Safety & Security Symposium in Ames, IA 
(April 2007).  The poster, “Facile Detection of Interactions between Metal Nanoparticles and 
Candida  albicans  Hyphae  via  Dark  Field  Microscopy,”  was  presented  at  the  American 
Society  of Microbiology  General Meeting  in  Boston, MA  (June,  2008).    Additionally,  both 
“Polyionic  Compounds  Enhance  the  Antimicrobial  Activities  of  Plant  Essential  Oils,”  and 
“Antimicrobial  Activity  of  Metal  Nanoparticle  Catalysts,”  were  presented  at  the 
International  Association  for  Food  Protection  Annual  Meeting  in  Columbus,  OH  (August 
2008).  Lastly, “Increased antibacterial activity of silver nanoparticles stabilized onto soluble 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nitrocellulose” will be presented at the American Society for Microbiology General Meeting 
in Philadelphia, PA (May, 2009). References can be found at the conclusion of each chapter 
with formatting following that specified for each journal.   
 
CHAPTER 2. LITERATURE REVIEW 
ANTIMICROBIAL PEPTIDES 
Antimicrobial peptides (AMPs) are effective components of a host’s innate defense system 
and are widely distributed throughout nature (Brogden, 2005; Kerr, et al., 2006). They have 
been  involved  in  protecting  plants  and  animals  from  advances  by  pathogens  since  early 
times and have evolved to meet the needs of each species for their survival. Even with over 
700 known peptides  (Zasloff, 2002; Andreu and Rivas, 1998; Broekaert et al., 1997),  their 
mode of action appears to be relatively conserved. While the common features of peptides 
have  been  beneficial  in  some  of  the  successful  evolution  of  species,  the  diversity  of 
individual peptides  is extensive and has evolved for specific  functions. Changes  in defense 
peptides  have  evolved  to  provide  each  species  with  the  set  of  peptides  that  are  most 
conducive to ensuring survival.  
Regardless of  the wide variability  in structures, antimicrobial peptides are  typically 
grouped  according  to  their  charge,  three‐dimensional  structure  and  their  similarity  in 
sequence and functioning.   Based on charge, the peptides are separated  into cationic and 
anionic  classification  groups  with  cationic  peptides  being  commonly  found  in  animals.  
Isolation  of  peptides  from  all  the  taxonomic  structures  have  demonstrated  that  each 
species generally retains 15‐40 peptides that are specifically designed for their evolutionary 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defense  needs  (Bohman,  2003;  Montesinos,  2007).    These  specific  requirements 
determined  by  environmental  situations  and  survival  instincts  result  in  antimicrobial 
peptides  with  different  sequences,  lengths  and  structures  (Lockwood  and  Mayo,  2003).  
While these peptides show great diversity, they do however have characteristic properties 
including  an  overall  net  cationic  (positive)  charge,  amphiphatic  in  structure,  membrane 
activity  and  a  relatively  small  size  with  molecular  weights  around  10kDa  (Reddy,  et  al., 
2004).    The  cationic  charge  imparts  selectivity  for  interaction  with  negatively  charged 
bacterial  membranes  in  comparison  to  the  neutral  charged  eukaryotic  membrane.  The 
characteristic amphiphilic structure, induced upon interaction with membranes, is identified 
by  a  segregation  of  the  non‐polar  and  cationic  groups  to  opposite  sides  of  the molecule 
(Bohman,  2003;  Bulet  et  al.,  2004;  Nusslein,  2006).    This  conformation  also  helps  to 
facilitate lysis of the bacterial cell in certain conditions, a feature that is beneficial for their 
role as antimicrobials (Andreu, et al., 1985). These peptides typically function in the innate 
immune system where they are an organism’s first line of defense against an invasion. The 
non‐specific defense mechanisms are initiated soon after an attack and are followed by the 
activation  of  the  acquired  immune  system  (Brogden,  2005;  Reddy,  et  al.,  2004;  Zasloff, 
2002).  Antimicrobial  peptides  therefore  represent  a  quick  and  efficient  mechanism  to 
combat pathogen advances for each species.  
The  adoption  of  specific  features  and  secondary  structures  can  vary  amongst 
peptides, however, all peptides are primarily classified  into  four groups, α‐helix, β‐sheets, 
extended,  linear  peptides  and  peptide  fragments  of  larger  proteins  (Brogden,  2003; 
Hancock,  2001;  Lockwood  and  Mayo,  2003).    While  these  are  not  exact  classification 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divisions,  the  previously  reported  groups  tend  to  be  representative  of  the major  classes.  
However, further subdividing of some peptides is beginning to be done as more information 
becomes  available.  There  are  also  peptides  that  have  a  linked  fatty  acid  resulting  in 
lipopeptides  as  well  as  pseudopeptides  that  have  further  chemical  substitutions  thereby 
creating complex molecules (Montesinos, 2007).   
 
CATIONIC ANTIMICROBIAL PEPTIDES: A majority of  research has  focused on  the α‐helical 
peptides  primarily  due  to  their  being  the  most  widely  occurring  in  nature  where  they 
appear to be advantageous for proper immune system function.  Reports have shown some 
150 peptides to comprise this class of peptides with variations resulting in slightly different 
structural  features  (Giangaspero,  et  al.,  2001;  Tossi,  et  al.,  2000).  These  peptides  share 
some common features including being comprised of relatively short sequences of less than 
40 residues as well as possessing broad spectrum activity against pathogens.   
Comparative  studies  using  α‐helical  peptides  have  shown  that  charge  appears  to 
play  the  most  important  role  in  driving  the  primary  interactions  with  membranes.    The 
secondary  effect  of  the  peptides  then  depends  on  helix  formation,  hydrophobic 
partitioning,  and  trans‐membrane  potential,  which may  be  necessary  for  pore  formation 
(Giangaspero,  et  al.,  2001).    The  adoption  of  the  characteristic  α‐helical,  amphiphatic 
structural  formation  appears  to  be  necessary  for  potent  activity  against  gram‐positive 
bacteria  while  gram‐negative  bacteria  show  susceptibility  to  more  unorganized  peptides 
(Giangaspero, et al., 2001, Dathe, et al., 1997).  Studies such as this highlight the importance 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of peptide structure on overall antimicrobial activity as well as their broad‐spectrum killing 
and selectivity.  
One class of peptides, classified as being α‐helical are the cecropins, which are found 
naturally as linear peptides and only upon interaction with the membrane do they assume 
an α‐helical conformation. Cecropins, as previously stated, were first  isolated from insects 
and have now also been  found  in  the mucosa of pig’s  intestines  (Lee, et al., 1989) where 
they have activity against protozoa parasites, bacteria and  fungi  (Bohman, 1991; Bulet, et 
al.,  1999;  Steiner,  et  al.,  1981).    Additionally,  antitumor  activities  of  cecropins  have  been 
shown against mammalian tumors (Moore, et al., 1996) where they are able to selectively 
target tumor cells (Suttmann, et al., 2008).  Another highly researched peptide is magainin; 
a  23‐residue  peptide  isolated  from  the  skin  of  the  frog,  Xenopus  laevis.  These  peptides 
adopt a helical conformation when they come in contact with lipid bilayers where they too 
have broad‐spectrum activity (Lockwood and Mayo, 2003; Reddy, et al., 2004; Tossi, et al., 
2000).  The magainin peptides have also been shown to cause lysis of hematopoietic tumors 
(Nicolas  and Mor,  1995).    Cathelicidins  are  another  family  of  antimicrobial  peptides  that 
have  a  characteristic  conserved  cathelin  domain  at  the  N‐terminal  and  a  variable 
cathelicidin  peptide  domain  found  at  the  C‐terminus.  This  class  of  peptides  is  defined  by 
their extensive heterogeneity as they can range  in size from 12 to 80 residues and have a 
variety of structural features. The activity of cathelicidins is thought to be highly dependent 
on  their  size and amino acid composition  (Brogden, et al., 2003)  that  is evidenced by  the 
different functions and structural features of the peptides in individual species. 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While  these  peptides  have  been  isolated  from  a  large  number  of  mammalian 
sources, it is the gene expression in response to environmental pressures that results in the 
large variation of peptides that are found (Zanetti, 2004).  When produced, the human LL‐
37  peptide  results  in  the  chemotaxis  of  immune  cells  including  monocytes,  eosinophils, 
mast  cells  and even T‐cells,  resulting  in an upregulation of  immune system  functioning  in 
response to invasion by a pathogen (Zanetti, 2004).  
In addition to the α‐helical peptides, there are an abundance of peptides that adopt 
a β‐sheet structure.  These peptides are highlighted by their cysteine residues that allow for 
the  creation  of  at  least  two  disulphide  bonds  throughout  the  compound.  This  group 
includes both α and β defensins and protegrins, which are typically composed of around 16‐
40 residues and exhibit activity against a range of bacteria, fungi and some viruses.  The α‐
defensins, commonly known as classical defensins, are expressed in the azurophil granules 
of  neutrophils  in  humans  as well  as  in macrophages  and  in  the Paneth  cells  of  intestines 
(Brogden,  et  al.,  2003).    Defensins  in  humans  are  important  in  controlling  pathogenic 
bacteria from spreading by inducing chemotaxis of dendritic cells in order to create antigen‐
presenting cells An increase in expression of defensins has been correlated with a decrease 
in  DNA,  RNA  and  protein  synthesis,  indicating  their  ability  to  control  and  decrease  the 
viability of bacteria when produced. β defensins also have a broad  range of antimicrobial 
activity and are the most widely distributed of the defensin molecules.   They are secreted 
by  leukocytes  and many  types  of  epithelial  cells  and  have  been  isolated  from  a  range  of 
species,  including  cattle,  pigs,  goats,  sheep  and  poultry  (Brogden,  2005;  Portieles,  et  al., 
2006).  Protegrins  are  also  cysteine  rich  peptides  that  are  considerably  smaller  than 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defensins  with  half  as  many  residues.    They  typically  contain  16‐18  residues  and  have 
around 4 cysteines compared to the 6 cysteines found in defensins. They have been shown 
to have activity against gram‐negative and gram‐positive bacteria as well as fungi and some 
activity has been  indicated  for enveloped viruses  (Brogden, et al., 2003; Kokryakov, et al., 
1993).   Protegrins are found  in the granules of neutrophils  in an  inactive proform and are 
induced to their active form through a neutrophil enzyme (Shi and Ganz, 1998).  
The  third  class  of  cationic  antimicrobial  peptides  are  linear  peptides  that  do  not 
contain cysteine yet are abundant  in other amino acids  including proline, arginine, glycine 
or  tryptophan.    Bactenecins  are  one  class  of  peptides  that  fall  into  this  category  and  are 
characterized by an arginine rich structure.   Prophenins have a high percentage of proline 
and  phenylalanine  residues  while  indolicidins  and  tritrpticin  are  rich  in  tryptophan 
(Brogden, et al., 2003; Lockwood and Mayo, 2003).   The high abundance of tryptophan  in 
these peptides is unique as tryptophan is typically at low concentrations in proteins. Here it 
appears to function as a requirement for membrane activity of the peptides by facilitating 
interaction between the peptides and membrane surfaces (Lockwood and Mayo, 2003). 
The last class of peptides are those located in larger antimicrobial proteins with the 
peptides being produced through natural enzymatic action on the larger molecules.  These 
peptides  consist  of  antimicrobial  domains  that  can  be  cleaved  from  the  larger molecules 
where  they  then  function  as  antimicrobials  in  their  fragmented  form.  Examples  include 
lysosome residues 98 through 112, a fragment of lactoferrin, and a hen ovotransferrin.  Milk 
proteins are one source of bioactive peptides that have been shown to have beneficial roles 
in human health and body  functions when produced through natural digestion processes.  
 12 
These  milk  proteins  typically  include  caseins,  immunoglobulins,  lactoferrin,  lysozyme,  α‐
lactalbumin,  and  β‐lactoglobulin  as  well  as  whey  proteins,  including  serum  albumin  and 
transferrin  (Clare,  Swalsgood,  2000;  Haque,  et  al.,  2006).  Some  of  these  peptides  are 
inactive  until  activated  by  the  action  of  enzymes  that  cleave  them  from  their  parent 
molecules to produce peptide fragments that have beneficial effects.  It is these fragments 
produced through digestion and enzymatic hydrolysis that become the source of bioactive 
peptides. Pepsin and pancreatic enzymes generally cleave the inactive peptides as a result 
of  their beneficial  functions being dependent on  the ability of  the peptides  to  reach  their 
target sites of interaction.  Additionally, these peptides can be produced in vitro through the 
use  of  similar  digestive  enzymes  after  which  they  are  purified  and  evaluated  for  overall 
bioactivity  (Clare,  Swalsgood,  2000;  Haque,  et  al.,  2006).      While  these  peptides  can  be 
produced  in vivo through the use of natural enzymes, they can also be generated through 
food  processing  and  from  the  enzymatic  processes  of  enzymes  taken  from  plants  or 
microorganisms (Haque et al., 2006).  Chemical modifications can result from heat or other 
treatments during processing and  therefore  lead  to additional  formation or absorption of 
bioactive  peptides.  These  peptides  can  also  be  produced  through  the  action  of 
microorganisms,  commonly  lactic  acid  bacteria.    It  has  been  shown  that  the  release  of 
bioactive  peptides  is  dependent  on  a  balance  of  proteolysis  in  as  much  as  excessive 
breakdown could destroy the proteins and result in insufficient peptide formation (Haque, 
et al., 2006). 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These  bioactive  peptides  produced  from  milk  have  been  shown  to  have 
antimicrobial properties, including lactoferrin and the immunoglobulins (Bullen, et al., 1972; 
Clare, Swalsgood, 2000).  One of the digestion products of whey protein produced by pepsin 
is  lactoferrin,  a  degradation  product  shown  to  have  potent  antimicrobial  properties.  
Products from bovine lactoferrin have demonstrated activity against both gram‐positive and 
gram‐negative  bacteria  (Clare,  Swalsgood,  2000).    Additionally,  lactoferricin,  has  also 
exhibited  activity  similar  to  that  of  lactoferrin  (Jones,  et  al.,  1994;  Bellamy,  et  al.,  1992).   
These  lactoferricin  fragments  have  also  been  active  against  E.  coli  O157:H7  strains  at 
concentrations  lower  than  those  needed  by  lactoferrin  (Shin,  et  al.,  1998)  and  have  also 
exhibited activity against fungal strains (Bellamy, et al., 1993;  Wakabayashi, et al., 1996).   
 
ANIONIC ANTIMICROBIAL PEPTIDES: Cationic peptides appear to be the most widespread 
type  of  antimicrobial  peptides,  however  anionic  peptides,  including  Maximin  H5  from 
amphibians  and  Dermicidin  from  humans,  have  been  reported  to  possess  antimicrobial 
activity as well (Brogden, 2005).  In addition to the antimicrobial activity exhibited by some 
anionic peptides, they may also play a role in pulmonary metabolism, through a regulatory 
process.      Their  structure  appears  to  be  similar  enough  to  that  of  the  group  I  serine 
proteases  and  as  a  result  they  can  provide  negative  feedback  inhibition  of  pulmonary 
enzymes.    Research  into  anionic  peptide  activity  has  yet  to  elucidate  the  mechanism  of 
action yet it has been shown that zinc might be required for maximum activity (Brogden, et 
al.,  1996).    This  may  indicate  that  zinc  functions  by  forming  a  cationic  bridge  with  the 
microbial  surface,  thereby  allowing  it  to  overcome  the  charge  on  the  microbial  surface 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(Ellison, et al., 1985).  The similarity in membrane and anionic peptide charge may then be 
negated once  the bridge  is  formed and  the peptide could potentially penetrate  the outer 
membrane  and  enter  the  cytoplasm  where  is  may  function  by  inhibiting  ribonuclease 
activity.  The destruction of the cytoplasmic protein by anionic peptides ultimately suggests 
that protein inactivation is key in overall activity (Brogden, et al., 1996; Brogden, 2005). 
 
INSECT PRODUCED ANTIMICROBIAL PEPTIDES: Cationic peptides have been  isolated from 
plants, insects, amphibians and mammals and have shown broad‐spectrum activity against 
both gram‐negative and gram‐positive bacteria, fungi, and viruses.  Insects represent one of 
these classes where cationic antimicrobial peptides are typically produced in response to an 
infection.    They  are  a  very  large  and  diverse  class  of  species  whose  first  line  of  defense 
against invading pathogens is their cuticle (Bulet, et al., 1999).  However, once this physical 
barrier  has  been  passed,  the  innate  immune  system  comprising  antimicrobial  peptides 
becomes the mechanism for defense.  The study of antimicrobial peptides in insects began 
with the discovery and isolation of cecropin from the moth Hyalophora cecropia (Steiner, et 
al., 1981). Since this time, over 170 antimicrobial peptides have been shown to play a role in 
insect’s defense against pathogenic invasions (Bulet et al., 1999).  These groups of peptides 
are  typically  low  molecular  weight  compounds  that  are  cationic  in  nature  and  form 
amphiphilic α‐helixes, β‐sheets or mixtures thereof as described previously.  Insects are able 
to use these features to defend against invasions by bacteria and fungi.  Some insects need 
to synthesize a large number of peptides while others only need a few compounds to ward 
off  pathogens  (Bulet,  et  al.,  1999).   Additionally,  these  insect  antimicrobial  peptides have 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been  shown  to  exhibit  features  of  peptides  abundant  in  plants  and  animals,  further 
evidence for the role of these peptides in imparting evolutionary advantages.  
 
VERTEBRATE PRODUCED ANTIMICROBIAL PEPTIDES: Antimicrobial peptides  isolated  from 
vertebrates  share  similar  features  to  those  of  insects  by  typically  consisting  of  20‐46 
residues, being lysine or arginine‐rich, polycationic and amphipathic. They are located in the 
skin and lumen of the gastrointestinal and respiratory tracts of vertebrates where they also 
function  as  the  first  defense  against  invading  pathogens.    Here,  production  of  these 
peptides  can be quickly  stimulated  in  response  to an attack prior  to  the activation of  the 
cell‐mediated immunity conferred by the acquired immune system (Brogden, et al., 2003). 
Domesticated  animals  have  also  recently  been  shown  to  possess  a  large  number  of 
antimicrobial  peptides  where  they  are  expressed  in  numerous  tissues,  mucosal  cells, 
leukocytes and macrophages (Brogden, et al., 2003). In these tissues and cells, the peptides 
appear to function as broad spectrum antimicrobials and despite their varied sequences and 
length, they remain highly conserved, having related properties that can be found in both 
plants and insects (Nicholas and More, 1995).  
 
PLANT  PRODUCED  ANTIMICROBIAL  PEPTIDES:  The  large  number  of  organisms  and 
substances  that  plants  are  exposed  to  highlights  their  need  for means  to  defend  against 
these  invasions.    While  plants  have  many  physical  barriers  that  are  used  as  defense 
mechanisms  they  also  produce  a  number  of  toxins  and  chemicals  as  protection,  these 
including peptides and proteins, of which many have antimicrobial properties  (Castro and 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Fontes, 2005).  Three of the main classes of plant‐produced peptides are the defensins, lipid 
transfer  proteins  and  thionins,  with  production  being  both  constitutively  as  well  as  in 
response to an invasion (Castro and Fontes, 2005; Zasloff, 2002). 
Plant defensins are a group of peptides that have similar characteristics to the well‐
defined mammalian defensin compounds.  These compounds, first isolated from wheat and 
barley  in the early 1990’s, were named γ‐thionins based on their structural similarity to α 
and β‐ thionins.  However, subsequent research revealed disparity in the structures of these 
groups with the γ‐thionins being more similar  to the defensins  found  in other vertebrates 
and invertebrates (Castro and Fontes, 2005; Broekaert et al., 1995).  These more accurately 
named plant defensins are  typically  cationic  compounds  that are 45  to 54 amino acids  in 
length (Broekaert, et al., 1995).  Again, these plant defensins have been shown to possess a 
broad  spectrum of  activity  against  fungal  species  at  low micromole  levels  based  on  their 
ability  to decrease  the extent of hyphal elongation and branching or  the  time  frame over 
which  this  occurs  (Broekaert,  et  al.,  2005;  Thevissen,  et  al.,  1999).      The  mechanism  by 
which these plant compounds work  is thought to differ from that of mammalian or  insect 
defensins.   A direct  interaction with  lipids on  the plasma membranes  is not necessary  for 
plant  defensins  and  that  their  activity  is  the  result  of  insertion  through  the  plasma 
membrane being mediated by binding sites (Thevissen, et al., 1999).   This  initial binding is 
followed  by membrane  structural  changes  that  causes  permeability  issues  relating  to  ion 
availability,  suggesting  that  binding  site mediated  interaction  is  key  to  the  specificity  and 
spectrum of plant defensin antifungal activity. 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Another  group  of  peptides  found  in  plants  are  the  lipid  transfer  proteins  whose 
function is to initiate the movement of lipids between membranes.  They have been shown 
to potentially be involved in the plant defense mechanisms through their ability to increase 
expression  in  response  to  an  invading  pathogen  and  as  a  result  be  distributed  and 
concentrated in plant tissues (Castro and Fontes, 2005; Garcia‐Olmedo, et al., 1995).   
  Thionins  are  another  class  of  low  molecular  weight  proteins  that  have  a 
characteristic toxic effect on a variety of microorganisms as well as both plant and animal 
cells.  Their effects in in vivo systems are thought to be a result of their action on regulatory 
proteins, their interference with DNA synthesis and their ability to increase cell membrane 
permeability (Castro and Fontes, 2005).  
 
MICROORGANISM PRODUCED ANTIMICROBIAL PEPTIDES: In addition to insects, plants and 
vertebrates, bacteria also produce antimicrobial peptides with over 50 of them reported to 
be  produced  solely  by  gram‐positive  bacteria  (Luders.  et  al.,  2003).    Bacteriocins  are  one 
type  of  antimicrobial  peptide  produced  by  microorganisms,  secreted  in  an  effort  to  kill 
other  bacterial  species.  These  proteins  have  been  shown  to  inhibit  bacteria  that  are 
pathogenic  to  plants  under  some  circumstances  (Chayan  and  Riley,  2007;  Gordon,  et  al., 
2007;  Heng,  et  al.,  2007;  Riley  and  Wertz,  2002).    They  are  classified  according  to  the 
modifications that occur  in  their structures posttranscriptionally.   Colicins are bacteriocins 
produced from E. coli and it is these compounds which constitute some of the most widely 
studied peptides in this class. 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Lantibiotics  are  another  specific  class  of  bacteriocins  that  are  more  extensively 
modified  than  some  of  the  other  bacteriocin  peptides.    They  have  characteristic  cyclic 
thioether  amino  acids  incorporated  into  their  structure  with  either  lanthionine  or 
methyllanthionine  being  present.  They  have  been  found  produced  by  gram‐positive 
bacteria  including  Streptococcus  and  Streptomyces  to  kill  other  gram‐positive  species.  
These peptides have  shown  the potential  to be active  in nanomolar  concentrations, have 
been found to be stable under some adverse conditions and can target rare components of 
bacterial cell walls  (Breukink, et al., 1999).   These  lantibiotics are classified based on their 
structure and function as either Type A or Type B (Cotter, et al., 2005).  Type A lantibiotics 
are  amphiphilic molecules  that  form pores  in  cell membranes whereas  Type B molecules 
have  a  globular  form  that  allows  them  to  inhibit  enzyme  functions  through  binding  to 
membrane lipids.  Examples of Type A peptides include nisin, epidermin, subtilin and pep5 
while  mersacidin,  cinnamycin  and  actagardine  are  representative  of  Type  B  lantibiotics.  
This distinction has come under question with recent findings that nisin, a Type A lantibiotic, 
also functions by binding to lipid II, a peptidoglycan precursor (Breukink, et al., 1999; Cotter, 
et al., 2005).  
Nisin,  as  previously  stated,  is  a  lantibiotic whose  activity  is  based  on  its  ability  to 
form  pores  in  cellular  membranes  thereby  being  primarily  active  against  gram‐positive 
bacteria. Nisin functions by inserting itself into the cell membrane followed by the ion pore 
formation, where its activity can be further increased by the presence of lipid II. This gives 
nisin  a  mechanism  of  action  that  can  include  both  pore  formation  and  inhibition  of 
peptidoglycan synthesis through the binding of its precursor, lipid II (Mantovani and Russell, 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2001).  Its  antimicrobial  activity  has  been well  studied with  reports  as  early  as  the  1920’s 
demonstrating  its  effectiveness  against  certain  bacterial  species  (Rogers  and  Whittier, 
1928).  Nisin currently has widespread use as a food preservative where it is has garnered a 
“generally recognized as safe” (GRAS) standing (Cotter et al., 2005; Mantovani and Russell, 
2001).  In addition to its use in food applications, nisin has shown potential for treatment of 
systemic diseases due to its activity against strains of clinical importance.  This is especially 
important in the instances where nisin is effective against multidrug resistant gram‐positive 
pathogens,  including  penicillin  and  vancomycin  resistant  strains  (Goldstein,  et  al.,  1998; 
Severina, et al., 1998).   However, despite  their activity against multidrug  resistant strains, 
resistance to nisin appears rapidly upon repeated exposure (Cotter, et al., 2005, Severina, et 
al., 1998).   
Pediocin is another bacteriocin produced by Pediococcus species that are commonly 
used  in  food  products  as  a  preservative  agent  due  to  their  thermostability  and  activity 
under a wide range of pHs (Dickson, et al., 1999).  While the majority of bacteriocins have a 
limited spectrum of activity, some, including those produced by lactic acid bacteria, have a 
broader range of activity (Dickson, et al., 1999).  One pediocin, Pediocin AcH, produced by 
Pediociccus  acidilactici,  is  used  commonly  in  fermented  meat  products  due  to  its  GRAS 
status.  This bacteriocin has been shown to be active against a number of important gram‐
positive  foodborne  pathogens,  including,  Clostridium  perfringens,  Enterococcus  faecalis, 
Listeria monocytogenes, and Staphylococcus aureus (Bhunia, et al., 1988; Hoover and Chen, 
2005). 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Additionally,  fungi  have  been  found  to  secrete  antimicrobial  peptides  that  are 
similar  in  structure  and  function  to  some  of  the  animal  and  plant  defensins.    Peptaibols, 
another  group of  linear peptides,  are produced by  fungi  as  a defense mechanism against 
bacteria.  They typically have an acyl group on their N‐terminus, an amino alcohol at their C‐
terminal  end  and  are  α‐helical  in  structure.    A  unique  group  of  these  peptaibols,  the 
lipopeptaibols,  have  a  fatty  acid  linked  to  their  N‐terminus  (Lockwood  and Mayo,  2003; 
Montesinos, 2007).  
The varieties of sequences that have been discovered are evidence of the enormous 
application  potential  for  human  and  therapeutic  use.    All  of  the  antimicrobial  peptides 
produced  in natural  systems are derived  from  larger precursors  and are  further modified 
following translation to produce the large number of peptides specific for a certain action or 
defense  (Zasloff,  2002).    These modifications  have  been  shown  to  include,  glycosylation, 
intermolecular  disulfide  bond  formation,  halogenation  and  amidation,  which  is  the most 
frequently  observed  modification  in  antimicrobial  peptides  (Andreu  &  Rivas,  1998). 
Generally,  it  is  a  selection  of  specific  natural  peptides  that  function  in  combination  to 
produce  the  desired  effect  or  to  target  precise  microorganisms  that  are  attacking  the 
immune  system.    The  use  of  these  highly  specific  combinations  helps  to  account  for  the 
large number of peptides that are produced through modifications in an attempt to create a 
whole array of antimicrobials to effectively defend against pathogens (Nusslein et al., 2006). 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MECHANISM OF ACTION OF ANTIMICROBIAL PEPTIDES 
The  widespread  diversity  of  antimicrobial  peptides  emphasizes  their  essential  role  in  a 
majority of  organisms.   However,  despite  this  diversity  there  is  a  general  conservation of 
structures  and  themes  within  all  natural  peptides  that  form  the  basis  of  the  explained 
mechanisms of action.    In an attempt to further characterize these peptides, studies have 
sought to determine their representative mode of action.  There are several potential sites 
of interaction on cellular surfaces where antimicrobials could work,  including the cell wall, 
the cytoplasmic membrane, DNA, RNA, the outer membrane and the spore coats of spores 
(Russell, 2005).    Initial  interactions are  thought  to occur at  the external membrane  layers 
where  they  are  able  to  penetrate  the  membrane  and  facilitate  transport  into  the  cell.  
Investigations  into  the  primary  action  have  found  that  despite  the  structural  diversity  of 
antimicrobial  peptides,  most  appear  to  commonly  target  membranes  by  acting  as 
membrane disrupters (Hancock and Rozek, 2002; Yeaman and Yount, 2003).   The majority 
of peptides are thought to interact and kill microorganisms through a generally recognized 
two‐step process.  The initial step includes the electrostatic interaction of the peptide with 
the  cellular  surface  followed  by  a  form  of  membrane  permeabilization.  This 
permeabilization  can  be  induced  by  pore  formation  or  membrane  disruption  through  a 
generalized curvature of  the membrane as a  result of  the peptides action on  the surface.  
These  initial disturbances can be followed by secondary processes that depolarize the cell 
and allow for influx of the peptides into the cell. Damage to the cell wall or outer membrane 
can  result  in  the  leakage  of  intracellular  components  with  potassium  ions  leaving  first 
followed by inorganic phosphates, amino acids and finally DNA or RNA. The leakage of these 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components signifies the loss of cellular permeability and ability to regulate influx and efflux 
of cellular constituents.   Other antimicrobials may result  in a change in the proton motive 
force  where  the  gradient  across  the  membranes  is  altered  by  damage  caused  through 
antimicrobial action. 
 
STRUCTURAL FEATURES IMPARTING ACTIVITY: In order for the subsequent effects of each 
antimicrobial  peptide  to be  conveyed  to  the  target organism,  each peptide  first  needs  to 
selectively  interact  and bind with  the membrane.   While  all membranes  typically  contain 
phospholipid  bilayers  composed  of  both  proteins  and  phospholipids,  some  organisms 
contain additional  components  that  influence  the overall  charge and composition of  their 
membrane.    Two  defining  features  of  peptides  that  determine  their  higher  affinity  for 
prokaryotic  membranes  over  eukaryotic  membranes  are  their  relative  charge  and 
hydrophobicity. The net positive surface charge is important for the initial attraction of the 
peptide to the negatively charged phospholipid membrane of bacterial cells.  Bacteria have 
a negatively charged membrane with the outer bilayer being abundant in negative charged 
phospholipids,  which  allows  for  the  increased  attraction  of  antimicrobial  peptides  to  the 
surface of bacterial membranes (Andreu and Rivas, 1998; Yeaman and Yount, 2003; Zasloff, 
2002). Their membranes are composed of negatively charged hydroxylated phospholipids, 
phosphatidylglycerol,  cardiolipin and phosphatidylserine,  resulting  in an overall  negatively 
charged membrane.  Conversely, the biomembranes of eukaryotes are abundant in sterols 
including the generally neutral cholesterol and ergosterol, which reduces their interactions 
with  antimicrobial  peptides.  They  also  contain  the  zwitterionic  phospholipids; 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phosphatidylethanolamine,  phosphatidylcholine  and  sphingomyelin  that  further  gives 
eukaryotic cells their neutral charge (Yeaman & Yount, 2003; Zasloff, 2002). Selectivity for 
bacterial cell membranes has been shown to be decidedly dependent on charge differences 
although  the  presence  of  cholesterol  also  appears  to  function  in  distinguishing  between 
membranes (Lockwood and Mayo, 2003).   
The majority  of  peptides  act  through  this  charge mediated,  receptor  independent 
pathway showing that the amphipathic structure is critical for antimicrobial activity.  Many 
peptides  can  exist  in  an  extended  conformation  and  only  upon  interaction  with  a 
membrane do they change to their amphipathic structure (Yeaman and Yount, 2003).  This 
binding can also result in further peptide changes including α‐helical, β‐sheets, extended or 
cyclic forms that were described earlier. 
The  cationic  nature  and  amphipathicity  of  antimicrobial  peptides  appears  to  be 
relatively  conserved  across  the  phyla.  The  charge  differences  between  peptides  and 
membrane  surfaces  are  also  an  important  feature  imparting  selectivity.    The  basis  for 
effective antimicrobial activity and select  toxicity  lies  in  the  interplay of  several  structural 
features,  including  conformation,  hydrophobicity,  hydrophobic  moment,  amphipathicity 
and polar angle (Shai, 2002; Tossi et al., 2000; Yeaman and Yount, 2003). These factors all 
play a role in the overall structure‐activity relationship of the peptides where alteration of 
one feature could potentially result in a differential role played by others.  Conformation is 
identified mainly by the α‐helix and β‐sheets peptides with the remainder having additional 
amino  acid  residues  (Hancock,  1997).    The  cationic  nature  of  antimicrobial  peptides  has 
been shown previously to play a vital role in antimicrobial activity.  These peptides typically 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have  a  net  +2  to  +9  charge  that  results  in  the  initial  attraction  of  the  peptides  to  the 
membrane surface.  Numerous studies have shown a relationship between cationic charge 
and antimicrobial activity  (Bessalle, et al., 1992; Dathe et al., 1997) yet  this  feature  is not 
absolute (Yeaman and Yount, 2003).   Some peptides have demonstrated a threshold after 
which increasing the positive charge does not increase activity and could possibly result in 
an  antagonistic  effect.    Amphipathicity,  described  previously,  is  here  related  to  the 
hydrophobic  moment  of  a  helical  structure.  Eisenberg  described  the  occurrence  of  a 
hydrophobic  moment  as  the  sum  of  the  individual  hydrophobic  moments  comprising  a 
peptide structure in which they were standardized based on the moment of a model helix 
(Eisenberg,  1984).  Studies have  shown a differentiating  ability  relating  to  the  impact of  a 
hydrophobic  moment  on  increasing  antimicrobial  activity.    Membranes  with  a  large 
negative  charge do not  seem  to be  impacted by an  increase  in  the hydrophobic moment 
whereas a neutral membrane may see an  increase  in  the activity  relative  to antimicrobial 
activity (Yeaman and Yount, 2003).   
Another  feature  essential  for  antimicrobial  activity  is  the  overall  number  of 
hydrophobic  residues  in  a  peptide.    Investigations  into  the  role  of  hydrophobicity  in 
membrane  permeabilization  and  selectivity  showed  that  relatively  small  changes  in  the 
peptides  overall  hydrophobic  composition  could  result  in  a  substantial  change  in 
permeabilization (Wieprect et al., 1997).  The last structural feature to function in defining 
antimicrobial activity is the polar angle.  This angle is given by the relative number of polar 
to  nonpolar  surfaces  of  a  peptide  when  it  is  in  a  helical  structure.  Membrane 
permeabilization has been associated with a smaller polar angle however the pores formed 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with these peptides tend to be less stable and more likely to collapse with time (Uematsu 
and Matsuzaki, 2000).   Taken together, the  large number of features that play a potential 
role in overall antimicrobial activity highlights the great diversity of peptides that can be and 
have evolved over time.          
 
MODELS  OF  ANTIMICROBIAL  ACTIVITY:  These  structural  parameters  all  combine  to 
generate  each  peptides  unique  affinity  for  bacterial membranes  that  initially  begins with 
the electrostatic attraction to the negatively charged microbial surfaces.  Despite the wide 
variation  in  proposed mechanisms,  it  is  generally  believed  that  the  key  feature  of  these 
peptides  is  their  ability  to  disrupt  membranes.    In  gram‐negative  bacteria,  the  peptides 
begin  by  interacting with  the  outer membranes  that  are  rich  in  lipopolysaccharides  (LPS) 
whereas  in  gram‐positive  bacteria  they  transverse  the  negatively  charged  peptidoglycan 
layer rich in teichoic and teichuronic acids.  After passage through the outer membrane and 
peptidoglycan  layer,  the  peptides  develop  an  amphipathic  structure  and  become 
electrostatically  attracted  to  the  negatively  charged  phospholipids  in  the  cytoplasmic 
membrane.  While the dependency on the exact mode of action can vary greatly by species 
and  peptide  structure,  there  are  certain  features  that  tend  to  be  common.    The  initial 
affinity of each peptide for a membrane is the result of electrostatic attraction followed by 
an accumulation of the peptide on the surface.  A subsequent transition of the peptide then 
results,  leading  to  penetration  of  the  membrane  through  a  number  of  proposed 
mechanisms.  The  carpet  model  for  antimicrobial  action  of  peptides  depends  on  the 
attraction and accumulation of a high concentration on the membrane surface.   Here  the 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accumulated peptides orient parallel to the membrane surface until a threshold is reached. 
The  antimicrobials  in  this  orientation  are  able  to  permeate  the  membrane  through 
transitory pores in ways similar to detergents. (Liu and DeGrado, 2001; Shai, 2002; Tossi et 
al., 2000; Yeamon and Yount, 2003; Zasloff, 2002).  
In the ‘barrel stave’ mechanism, the  initial membrane attraction is followed by the 
formation of transmembrane pores that are the result of helical bundles. The initial binding 
induces  a  conformational  change  to  the  peptide  that  causes  the  hydrophobic  groups  to 
insert into the membrane followed by a deeper penetration once threshold concentrations 
are reached. The pore is formed with the hydrophobic sides of the peptide being in contact 
with  the  lipid  portion  of  the membrane  bilayer  and  the  hydrophilic  portion  forming  the 
lining of the channel. The diameter of the pore expands with an increase in the number of 
peptide  monomers  forming  the  stable  membrane  pore,  thus  allowing  passage  of 
compounds into the interior.  While this model has been proposed for several years, most 
peptides have not been shown to penetrate membranes in this fashion (Yeaman and Yount, 
2003).  
More evidence has been shown  for  the  recently proposed and well‐defined  toroid 
pore model described by Yang et al. (2000).   This model has properties of both the carpet 
and  “barrel  stave”  mechanisms  where  peptides  accumulate  on  the  surface  of  the 
membrane similar to the carpet model followed by the pore formation.  In contrast to the 
pores formed in the “barrel stave” model, a toroid pore is a mixed pore that contains lipids 
interspersed with peptides. 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Despite  the  fact  that  all  of  these  proposed  models  highlight  membrane 
permeabilization as  the main  factor  in  antimicrobial  activity,  there  could be other  factors 
that have yet  to be studied  in great detail.   The possibility of  slight membrane disruption 
that  allows  peptides  into  the  cell  to  exert  secondary  effects  could  also  be  another 
mechanism of some peptides.  However, while the actions of antimicrobial peptides may be 
diverse,  it  is  still  thought  that  the  primary  mode  of  action  is  based  on  membrane 
disintegration with subsequent activities arising as intermediate events stimulated by initial 
permeabilization. The research into these mechanisms has further led to the realization that 
the  structure‐activity  relationships  intrinsic  in  these  peptides  is  critical  to  the  further 
understanding of their roles in innate defense systems.   
Regardless  of  the  differences  in  antimicrobial  peptides  mode  of  action,  there 
appears  to  be  underlying  themes.  Steps  in  antimicrobial  activity  appear  to  include;  1)  an 
initial  electrostatic  interaction with membranes  due  to  charge  or  biochemical  differences 
and  2)  a  conformational  change  in  peptide  structure.    These  activities  are  furthered  by 
accumulation  of  the  peptide  on  the  membrane  surface  resulting  in  membrane 
permeabilization or depolarization by one of  the  three previously described models.    The 
peptides  are  then  able  to  enter  the  cell  where  they  can  function  by  direct  or  secondary 
mechanisms to destroy or interrupt cellular processes (Yeaman and Yount, 2003).  It is these 
relationships  that  have  been  and will  continue  to  be manipulated  in  the  development  of 
novel antimicrobial peptides. 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PEPTIDE BIOMIMETICS 
The antimicrobial activity and defense mechanisms exhibited by native peptides presents an 
area  of  researched  design  into  abiotic  peptide  mimics.    The  unique  features  of  cationic 
peptides that impart strong microbiocidal activity have been studied and used as the basis 
for calculated structure based manipulation.   This novel peptide development  is based on 
insight  into  structural  interactions  and  their  relevance  to  selectivity  and  antimicrobial 
activity.    This  knowledge  is  being  used  to  create  a  new  class  of  biomimetic  antimicrobial 
peptides, which encompass  the unique  features of natural peptides without  the  cost  and 
difficulty of synthesis.  Biomimetics is by definition the imitation or copy of some feature in 
nature  to  serve  as  a  model  for  development  of  a  synthetic  construct.  The  design  of 
polymers  and  oligomers  that  are  able  to  mimic  the  desirable  features  of  natural 
antimicrobial  peptides  represents  an  area  of  remarkable  possibilities  in  which  the 
drawbacks  of  native  peptides  could  be  overcome  while  still  retaining  their  desirable 
features  that  impart  activity.    It  is  these  features  that  allow  for  the  ability  to  create  and 
tailor  the development of peptides  for defined  functions or  for  specific microbial  targets. 
The  need  for  peptides  that  are  highly  effective  yet  remain  active  against  microbial 
pathogens  is  essential  due  to  the  rapid  increase  in  bacterial  resistance.    Additionally, 
peptides  that  impart  selectivity  to  bacterial  over  mammalian  cells  is  desired  for  some 
applications especially where the therapeutic  index is of high importance (Helmerhorst, et 
al.,  1999).  These  potential  modifications  make  biomimetic  peptides  a  powerful  force  in 
optimizing antimicrobial activity with limited resistance (Yeaman and Yount, 2003). 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PEPTIDE DESIGN: Novel approaches to the development of antimicrobial compounds have 
been  an  area  of  continued  research.  One  focus  has  been  directed  at  the  synthesis  of 
intrinsically antimicrobial compounds with properties desirable for anticipated applications. 
Molecules  containing  ammonia,  pyridinium  salts,  polyguanidines,  polybiguanidines, 
phosphonium  salts  and  polylysine  have  been  developed  (Rennie,  et  al.,  2005).    The 
elucidation of  secondary  structural  formation of  polymers  consisting of  β‐amino  acids  (β‐
peptides) has resulted in chemically stable compounds for the development of biomimetic 
polymers (Hamuro, et al., 1999). Hamuro and colleagues created a series of these polymers 
that  mimicked  a  group  of  natural  antibiotics  in  which  they  attempted  to  determine  the 
features necessary  for helical  formation.  This  series, while  found  to be active,  did have a 
high haemolytic potential for mammalian cells.  They proposed that the selectivity could be 
improved  by  further  tailoring  the  peptides  structure  to  optimize  features  such  as  chain 
length and charge balance (Hamuro, et al., 1999).   
Another  series  of  amphiphilic  helical  compounds  mimicking  the  structure  and 
activity of magainin have been created. Here, a β‐amino acid oligomer was investigated and 
found  to  have  antimicrobial  activity  comparable  to  that  of magainin with  activity  against 
two antibiotic resistant pathogens (Porter, et al., 2000). The advantage of the designed β‐
peptides has been attributed to their ability to form different secondary structures as well 
as be resistant to protease degradation.  Furthermore, the β‐peptides designed here were 
found to be less haemolytic than magainin, which has been shown to induce a low level of 
red blood cell breakage (Porter, et al., 2000). This feature of the described β‐peptide series 
is important for applications involving therapeutics where selectivity is essential.  Flexible β‐
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peptide  compounds have  also  been  shown  to  have  activity  and  selectively with  their  key 
feature  being  cationic  polyelectrolytes.  The  investigation  into  these  compounds  has 
centered on their cationic nature and the inclusion of either ammonia or phosphonic groups 
in their structure (Rennie et al., 2005, Rivas et al., 2003).    It  is the nature of the positively 
charged  cationic molecules  that  results  in  an  electrostatic  interaction with  the  negatively 
charged species found in the cytoplasmic membrane.  This is thought to be the main reason 
for  these  compounds  biocidal  action  which  relies  on  initial  attachment  followed  by 
penetration,  ultimately  leading  to  bacterial  death  (Kuroda & DeGrado,  2005;  Rivas  et  al., 
Tossi et al., 2000; 2003; Zasloff, 2002).   
Previous  studies have  shown  that  the  facially  amphiphilic  (FA)  structure of natural 
peptide antimicrobials plays an important role in the selectivity and antibacterial activity in 
natural  hosts  (Rennie  et  al.,  2005).    These  results,  in  addition  to  the  extensive  research 
conducted  on  the  structural  features  necessary  for  potent  antimicrobial  activity,  have 
helped to facilitate the design of FA polymers having the same antibacterial activity in vivo 
when  compared  to  natural  peptides.    The  ability  of  the  peptides  to  disrupt  cellular 
membranes based on this facially amphiphilic conformation indicates that structure, instead 
of  the precise chemical composition,  is critical  for antimicrobial activity  (Arnt et al., 2004; 
Tossi et al., 2000; Zasloff 2002). One early study looked at designing a series of FA polymers 
with  varying  hydrophobicity,  length  and  charge  of  the  side  chains  with  respect  to  their 
antimicrobial and hemolytic activity compared to that of natural defense peptides (Tew et 
al.  2002).  This  group was able  to  synthesize polymers with  a  specific  secondary  structure 
that  also  had  broad  antibacterial  activity,  which  created  the  possibility  of  being  able  to 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modify the polymers to have specific antimicrobial selectivity or specific target mechanisms.  
The synthesized compounds were composed of varying chain lengths based on an arylamide 
polymer repeat with side chain variations.  The shorter chain lengths were found to be more 
antimicrobial with  the  inactivity  of  the  longer  chains  being  the  result  of  their  inability  to 
permeate the proteoglycan layer or due to their reduced solubility (Tew et al., 2002).  While 
some of  the polymers were  very  effective  antimicrobial  agents,  as  exhibited by  their  low 
MIC values, they were also hemolytic, a disadvantage that was addressed in further studies. 
Many of these initial polymers did not impart selectivity to bacteria over mammalian 
cells (Rennie, et al., 2005).  While this biocidal action can be advantageous in circumstances 
where  the  selectivity  towards  bacterial  over  mammalian  cells  in  not  required,  there  are 
instances where selectivity  is desirable.    For  this  reason,  further work on  these arylamide 
polymers  attempted  to modify  the physicochemical properties  in order  to eliminate  their 
hemolytic  activity  and  enhance  antimicrobial  potency.    Researchers  determined  that  the 
selectivity  of  natural  peptides  to  target  bacterial  over  mammalian  cells  is  dependent  on 
several  factors  that  were  discussed  earlier,  including  hydrophobicity,  charged  side  chain 
distribution, and overall rigidity of the peptide (Liu and DeGrado, 2001; Liu et al., 2004).  If 
the  developed  compounds  are  too  hydrophobic  they  will  lyse  both  bacterial  and 
mammalian cells and if they have excessive polarity, they are not able to effectively target 
bacterial cells (Liu and DeGrado, 2001; Liu et al., 2004).  This study design used a completely 
abiogenic system to combine the physical properties of defense peptides with the stability 
of hydrocarbon backbones in an effort to produce active compounds with selective toxicity 
(Arnt et al., 2004).  When more polar constituents were added to the polymer template, the 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toxicity  towards  erythrocytes  was  significantly  lowered.    Another  area  of  investigation 
focused on the ability of these polymers to act as disinfectants, which is a situation in which 
the  selectivity  towards  bacterial  cells  needs  to  be  high.    The  selectivity  of  antimicrobial 
activity in peptides seems to arise when the hydrophobic lipids interact with the peptides in 
a  mechanism  that  overcomes  the  specific  electrostatic  attraction  to  the  bacterial  cell 
(Kuroda  and  DeGrado,  2005;  Tossi  et  al.,  2000).  These  designed  oligoarylamides  were 
significantly smaller than previous polymers, potentially proving beneficial for lowering the 
cost of production as well as being advantageous for effective tissue distribution (Liu et al, 
2004).   
As  described  previously,  many  of  these  synthetic  polymers  act  as  potent 
antimicrobial agents due to their structural features which allow them to effectively disrupt 
cellular membranes.  This disruption initiates a cascade of events ultimately leading to cell 
death  through a collapse of  the  transmembrane potential and outflow of  the cytoplasmic 
contents.    This  ability  to  cooperatively  utilize  various  actions  to  kill  target  cells  is  one 
advantage of polymeric molecules  (Kawabata and Nishiguchi, 1988; Kuroda and DeGrado, 
2005).    Kuroda  and  DeGrado  (2005)  further  investigated  this  possible  structure  activity 
relationship  through  the  synthesis  and  testing  of  amphiphilic  polymethacrylate  polymers.  
Low  molecular  weight  polymers  with  high  yields  were  derived  using  methyl  3‐
mercaptopropionate  with  varying  percentages  of  butyl  methacrylate.  Analysis  of  the 
antimicrobial activity found low molecular weight compounds to have the lowest minimum 
inhibitory  concentrations  (MIC)  against  the  bacteria  tested.  This  together with  their  high 
solubility helped to promote the availability of the polymers to act on bacterial membranes 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and permeate  the ensuing peptidoglycan  layers  (Kuroda and DeGrado, 2005).    It was also 
established  that  flexible  polymer  formations  aligned with  random  amphiphilic  sequences 
have  the  ability  to  effectively  conform  under  appropriate  situations  to  be  effective 
antimicrobials  (Kuroda  and  DeGrado,  2005;  Shai,  2002).    This  was  further  shown  by  the 
design of both a rigid arylamide and a more flexible phenylene ethynylene structure being 
highly  antimicrobial  and  selective.  The  arylamide  structural  design  had  multiple  internal 
hydrogen bonds that limited its conformational movement while the phenylene ethynylene 
structure was free to rotate (Doerksen, et al., 2004; Rennie et al., 2005).  However, despite 
these  conformational  differences,  both  structures  were  found  to  develop  the  necessary 
facially  amphiphilic  conformations  when  bacterial  cells  were  present  (Tossi  et  al.,  2000).  
These results concluded that the conformational flexibility of the peptide was not a major 
determining factor relating to compound effectiveness in aqueous solutions if their charge 
and  hydrophobicity  were  appropriate  (Porter  et  al.,  2000).  This  furthered  the  design 
capability  of  polymers  as  previous  studies  had  mainly  associated  only  rigid  polymer 
backbones as being able to facilitate selectivity (Arnt, 2004; Kuroda and DeGrado, 2005; Liu 
et al., 2004; Tew et al., 2002).   
Another  investigation  into  a  functional  abiotic  analogue  of  biotic  peptides  with 
effective  antimicrobial  activity  resulted  in  the  development  of  a  facially  amphiphilic,  low 
molecular mass molecule.  The resulting compound was found to be a fast acting, selective, 
broad‐spectrum toxin that was both a structural and functional mimic of biotic antimicrobial 
peptides.   However,  these  findings suggest  that despite  the structural differences  there  is 
still  potential  to  develop  antimicrobial  agents,  which  could  be  an  effective  approach  to 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overcoming antimicrobial resistance (Nusslein, 2006). Further research into the interaction 
of  polymer  backbones  and  substitutions  is  ongoing  and will  add  to  the  understanding  of 
selectivity and effectiveness of antimicrobial action.  
 
COMMERCIALIZATION OF PEPTIDE BIOMIMETICS: This design of peptide biomimetics has 
led to the development of commercial companies focused on using these mimics for novel 
therapeutics.  PolyMedix, a company based out of Radnor, PA uses biomimetics as the basis 
for  their  drug development. Here  they utilize  a  series of  computational  designs  to  create 
molecules for specific applications or with a certain targeted focus, all based on interactions 
(DeGrado, et al., 2007).  Using the knowledge of synthetic chemistry they are able to design 
small molecules and polymers using a first principle approach where the compound is built 
onto a preselected molecular framework.  The framework is then manipulated through the 
addition  of  functional  groups  that  are  used  to  impart  different  properties  onto  the 
molecule. This can be followed by a computerized screening process that allows for all the 
potential  molecules  to  be  evaluated  for  their  ability  to  present  and  retain  the  desired 
properties.   Many  times  it  is  the  strength  and  attraction  of  the molecule  to  bind  to  the 
membrane  that  highlights  their  effectiveness,  especially  when  membrane  active 
antimicrobials are preferred.   
PolyMedix uses  their  proprietary  computational  approaches  to  create biomimetics 
that  effectively  mimic  the  activity  of  host  defense  proteins  in  an  effort  to  combat  the 
increase  in  resistant  microbes.    An  invention  was  recently  described  where  facially 
amphiphilic  polymers  were  synthesized  with  the  idea  of  creating  effective  antimicrobial 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agents  that  targeted  microbial  membranes.    Based  on  previous  research  relating  to  the 
properties  leading  to  potent  antimicrobial  agents,  DeGrado  and  others  sought  to  design 
polymers  that  could  be  applied  to  the  surface  of  materials  or  be  embedded  within  the 
material where they would function as antimicrobial agents.  The polymers were designed 
with  a  facially  amphiphilic  structure  that  allowed  for  separation  of  polar  and  nonpolar 
regions of the molecule upon contact with the cellular membrane of microorganisms. The 
design of the polymers was based on the structural characteristics that make amphiphilic α 
and  β‐peptides  potent  antimicrobials  while  at  the  same  time  overcoming  some  of  their 
limitations.  The ability to create stable antimicrobial polymers from inexpensive monomers 
is  an  advantage  of  using  these  biomimetics  in  place  of  natural  peptides  for  similar 
applications.   These non‐biological polymers, which are mixtures of one to two monomers 
created through statistical manipulation, can further have well defined secondary or tertiary 
structures.  Additionally,  a  new  area  of  research  combines  the  features  of  polymers  and 
peptides into oligomers being homodispersed sequence specific molecules. The compounds 
can  then  be  screened  for  other  desired  properties,  including  molecular  weight  and  the 
appropriate substitution of polar and nonpolar groups, in an effort to create a polymer with 
optimal  activity  based  on  the  desired  application.    PolyMedix  has  used  this  drug  design 
platform  to  create  novel  antimicrobials  that  are  amphiphilic  in  structure,  have  broad 
spectrum  activity,  are  selective  for  bacterial  over  mammalian  cells  and  are  rapidly 
bactericidal (PolyMedix, 2007). 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These polymers are being used as material additives to create products and surfaces 
that  are  self‐sterilizing  and  bactericidal with  development  for  uses  in  various  biomedical, 
industrial  and  consumer  product  applications.    They  have  been  used  in  solid  surface 
materials consisting of polyurethanes and plastics, in textiles as well as in paints and in the 
coatings  for  surfaces  where  they  are  able  to  retain  many  of  the  before  mentioned 
advantages.  In addition to their antimicrobial materials, PolyMedix has expanded research 
to  include  the  development  of  novel  antibiotic  drugs  based  on  their  small  molecule 
compounds.   They utilized the same computer  technology as with the polymers  to design 
ideal  drug  candidates  that  mimic  the  action  of  host  defense  peptides  and  yet  are  still 
inexpensive  and  relatively  simple  to  synthesize  and  prepare.    The  activity  of  these 
compounds  is  highly  dependent  on  their  ability  to  lyse  bacterial  cells  and  as  a  result 
decrease  the  potential  for  bacteria  to  become  resistant.    This  has  been  shown  to  be  the 
case  with  serial  passage  studies  showing  no  evidence  of  bacterial  resistance  to  the 
compounds even after 17 rounds of exposure (PolyMedix,2009).   Additionally, activity has 
been  demonstrated  against  multi‐drug  resistant  gram  positive,  gram  negative  and 
anaerobic  bacteria,  including  vancomycin‐resistant  enterococcus  (VRE)  and  methicillin‐
resistant Staphylococcus aureus (MRSA).  One of the lead candidate molecules has recently 
entered  into  the  first  phases  of  clinical  testing  for  systemic  use  and  passed  the  safety 
assessment of Phase I.  This molecule is being advanced through the stages of testing where 
it  represents one of  the  first defensin mimics  in  clinical  trials  to be used as  an antibiotic.  
Additional  compounds  are  also  in  development  for  use  in  other  applications,  including 
topical creams for the treatment of various conditions. 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Other companies have also began to commercialize their peptide mimics,  including 
PolyTherics,  a  company  working  to  develop  biomedical  polymers  for  use  in  the 
pharmaceutical industry.  Using PEGylation, a patented technology approach of antibody or 
protein fragments, PolyTherics is able to create small molecule and polymer based products 
for clinical applications.  These compounds are built upon polyethylene glycol (PEG), a non‐
toxic polymer that is used to increase the persistence and solubility of the proteins attached 
to PEG.   While PEG products have their limitations, including cost, complexicity and limited 
bioreactivity,  PolyTherics  has  developed  a  cost  effective means  to  produce  PEG  attached 
proteins  through  the  introduction  of  disulfide  bonds  to  the  structure.    This  TheraPEG 
technology  allows  for  targeted  and  controlled  synthesis  that  is  cost  effective,  rapid  and 
effective on a scale necessary for manufacturing large amounts of product.  This technology 
has taken hold and as a result some PEG proteins have already been US market approved, 
including  PEG‐asparaginase  (Oncospar)  produced  by  Enzon  Pharmaceuticals  and  PEG‐
visomant, (Somavert) a Pfizer product (PolyTherics, 2008). 
The increasing use of these peptides is demonstrated by the further emphasis that is 
being  placed  on  this  new  possibility  for  therapeutics  (Wade  and  Englund,  2003).  The 
development  strategies  here  have  incorporated  information  from  studies  on  natural 
peptides as to the structural features that impart the greatest antimicrobial activity.  Several 
additional  companies  have  attempted  to  utilize  natural  antimicrobial  peptides  or  their 
mimics  as  therapeutic  compounds  for  treatment  of  disease,  infections  or  in  topical 
applications.  One  such  company  that  is  creating  defensin  variants  to  treat  and  prevent 
catheter related infections caused by Pseudomonas aeruginosa and Staphylococcus aureus 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is Micrologix  biotech  Inc.,  a  company  focused  on  developing  novel  drugs  for  commercial 
development  that  treat  infectious diseases  (Portieles, et al.,  2006;   Migenix, 2008).    Their 
peptide, MBI‐226  is  being  targeted  as  a  topical  treatment  for  catheter  related  infections 
while MBI‐594  is being developed as a  treatment  for acne  (Migenix, 2008;  Zasloff,  2002). 
Another company, EntoMed, is currently in the preclinical stages of testing defensin related 
compounds  to  treat  Candida  albicans  and  Aspergillus  fumigatus  infections  that  are 
commonly associated with immunocompromised individuals (Portieles, et al., 2006, Zasloff, 
2002).   Other systemic applications for antimicrobial peptides are also currently  in various 
stages  of  testing with AM‐Pharma,  a  company based out  of  The Netherlands, with  a  few 
such trials underway. Their product pipeline  includes alkaline phosphatases to treat acute 
renal  failure  and  ulcerative  colitis  along  with  a  selective  immune  response  amplifying 
peptide  hLF1‐11  showing  broad‐spectrum  antibacterial  and  antifungal  properties  (AM‐
Pharma,  2009).    Xoma  also  has  new  drug  products  that  are  potentially  effective  against 
human  botulism  cases  as  well  as  a  topical  gel  that  is  being  tested  for  its  treatment  of 
impetigo (Xoma, 2009; Zasloff, 2002). Oral applications are also being sought and developed 
based on natural antimicrobial peptides, as evidenced by Demegen, a United States based 
company  that  develops  novel  peptides  based  on  these  premises.    They  have  developed 
antimicrobial  peptides  based  on  the  naturally  occurring  histatins  found  in  human  saliva 
where  they  are  being  sought  as  a  treatment  for  cystic  fibrosis  lung  infections  and  as  a 
treatment and prevention strategy for oral candidiasis (Demegen, 2009; Zasloff, 2002).  
In  addition  to  the  research  being  conducted  in  industry,  research  into  peptide 
mimics  in  academia  is  also  ongoing.   William DeGrado,  director  of  PolyMedix,  Inc.  and  a 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professor  of  Biochemistry  and  Biosphysis  at  the  University  of  Pennsylvania  School  of 
Medicine  is  a  world  leader  in  the  de  novo  synthesis  and  design  of  drugs.    DeGrado’s 
research group has been  investigating  the design of proteins and small molecules using a 
first  principles  approach  to  help  understand  protein  folding  and  interactions  that  are  a 
major  key  to  activity.    Some  of  their  research  is  closely  related  to  the  development  of 
PolyMedix’s  antimicrobially  active  biomimetics  that  were  described  previously.    These 
developments  have  also  been  supported  by  the  work  of  Gregory  Tew,  a  professor  of 
Polymer  Science  and  Engineering  at  the  University  of Massachusetts  Amherst.    His  work 
focuses on the processes that occur at the interface of polymer chemistry, which combines 
the fields of chemistry, biology and materials science to create functional materials.  Using 
the ideas from each discipline in a combined manner to create biomimetic compounds with 
properties reminiscent of natural or other defined proteins is based here on a segregation 
of  charges  that  has  led  to  development  of  compounds  for  targeted  antimicrobial  and 
antibiotic applications.  
Samuel Gellman at the University of Wisconsin, Madison, also has a research group 
focused  on  the  development  of  both  natural  and  unnatural  peptides  with  antimicrobial 
activity  based  on  the  interaction  and  folding  resulting  from  membrane  contact.  
Antimicrobial  beta‐peptides,  and  beta  sheet  analogues  based  on  natural  antimicrobial 
peptides have been developed  that have  selective  antibacterial  activity  and are  relatively 
potent.  Their research efforts are currently evaluating the design of proteins based on their 
secondary  motif  however  tertiary  folding  is  also  being  sought  as  a  potential  means  to 
further tailor design models and probe effective interactions. 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BACTERIAL RESISTANCE TO ANTIMICROBIAL PEPTIDES 
Bacterial resistance to traditional antimicrobial agents is being acknowledged as one of the 
emerging  problems  in  medicine,  which  can  be  associated  with  the  increased  use  of 
antibiotic  treatments.   Studies  into  this  resistance have  long since  recognized  that certain 
bacteria have the ability to survive normally toxic doses to which other bacteria were found 
to be susceptible.  These observations resulted in a number of studies being initiated to try 
and elucidate the mechanisms by which certain microbes could survive  in the presence of 
toxic agents.  Researchers sought to understand the metabolism, growth, development and 
pathogenesis  of  microorganisms  in  order  to  determine  if  and  how  these  features  of 
resistance were adapted over time to better ensure survival.  Debates ensued as to whether 
this resistance was the result of adaptation or to heritable mutation changes, which, over 
time,  led  to  the  selection  for  more  resilient  traits.  Research  continued  into  this  area, 
however,  with  the  discovery  and  development  of  antibiotics,  the  relevance  of  drug 
resistance  became  a  greater  issue  of  importance.  Almost  immediately  upon  the 
introduction  of  antibiotics  into  mainstream  use,  reports  surfaced  documenting  drug 
resistance.  Sulfonamide  resistance  was  reported  in  1939  followed  shortly  thereafter  by 
penicillin resistance in 1941 as well as streptomycin resistance in 1946 (Lewis, et al., 2002; 
Miller and Bohnhoff, 1950).   Since this time, resistance has continued to  increase and has 
been  associated with  an  enhancement  in  the  complexity  of  resistance mechanisms.  As  a 
result,  this  complexity has  furthered  the difficulty  in  targeting  these  resistant  strains with 
other antimicrobials or new compounds. 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Antibiotics have been produced  that are able  to  inhibit protein  synthesis,  cell wall 
synthesis and DNA replication.   Bacteria are able to effectively evade the actions of  these 
antibiotics  through  a  variety  of  resistance  mechanisms.    These  resistance  issues  have 
become the center of a debate concerning the ecological effects of resistant bacteria  in a 
population.  Resistance to antibiotics can occur slowly over time where bacteria are able to 
change  their  genetic  make‐up  and  pass  on  the  selective  resistance  genes  to  subsequent 
generations.  An overview of the mechanisms by which bacteria can successfully evade the 
mode  of  antimicrobial  action  has  been  presented  (Neu,  1992).  Bacteria  can  exchange 
genetic  material  through  transformation,  transduction,  and  conjugation  or  through  the 
production  of  transposons  that  can  move  plasmids  and  chromosomes  around  on  the 
genome. These resistant genes can also be transferred between species, having been shown 
to occur with Staphylococci and Enterococci species as well as between Enterobacteriacaea 
and Pseudomonas.   While  this  transfer of  resistance  from gram‐positive  to gram‐negative 
bacteria can occur,  is  it uncommon for gram‐negative to transfer resistance back to gram‐
positive species (Neu, 1992). 
The  resistance mechanisms  found  in  bacteria  can  be  the  result  of  cell  adaptation 
strategies  that  occur  in  the  presence  of  an  antibiotic  or  they  could  be  the  result  of  a 
spontaneous mutation in the bacterial population, thereby occurring in the absence of the 
antibiotic. If this is the case, then the antibiotic plays a secondary role in the development 
of  resistance where  the  resistant  species  thrives  in  the  presence  of  the  drug  (Miller  and 
Bohnoff,  1950;  Yeaman  and  Yount,  2003).  These  constitutive  mechanisms  are  not 
dependent  on  exposure  to  the  antibiotic  but  are  properties  that  the  organism  portrayed 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prior to exposure.  Past studies have shown that some species present a broad resistance to 
antimicrobial  peptides,  indicating  that  these  strains  may  have  a  genetic  makeup  that 
confers resistance strategies (Viljanen and Vaara, 1984).  Furthermore, mechanisms induced 
by  the antibiotic  can  result  in  changes  in  the  susceptibility of pathogens  to  certain drugs.  
Enterococcus has been shown to reduce its negative cell membrane surface charge thereby 
in  doing  so  also  increasing  its  resistance  to  a  number  of  antibiotics  (Yeaman  and  Yount, 
2003).    In order  for bacterial  resistance  to occur  in  these cases,  the bacteria need  to  first 
come in contact with the compound from which they are able to develop resistance.   The 
resistance  is  then  spread  through  bacterial  mechanisms  that  transfer  resistance  to  their 
own or other species.  
Many  of  theses  issues  surrounding  bacterial  resistance  to  antimicrobials  have 
focused on how resistance genes arise and how they survive and mutate over time through 
transmission within a population.   Antibiotics are introduced into the environment at high 
rates  every  year  in  an  attempt  to  treat  human  infections.  Antibiotics  are  also  used 
extensively  in  the  agricultural  industry  in  order  to promote  growth  and prevent  infection 
with over 90% being used as growth promoters or as prophylactic agents instead of for the 
use in treating infections (Khachatourians, 1998). Some of these antibiotics have the ability 
to  remain  in  the  environment  and  over  time  are  able  to  mutate  and  be  selected  for  in 
response to their genetic features allowing them to out compete other sensitive strains.   
The  harmful  effects  of  resistant  species  have  continued  to  be  seen  with  the 
introduction  of  new  resistant  bacteria.    The  continued  use  of  antibiotics  has  led  to  an 
increasing  incidence  of  nosocomial  infections  resulting  from  antibiotic  resistant  bacteria. 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These  infections  are  many  times  the  result  of  a  single  resistant  strain  being  spread 
throughout  the  hospital  community.    However,  patient’s  themselves  may  harbor  these 
resistant  strains  when  they  enter  the  hospital,  thus  allowing  another  point  of  entry  for 
resistance (Salyers et al., 2002).  Gram‐positive bacteria are a group of pathogens that are 
commonly  associated  with  hospital‐acquired  infections  with  methicillin‐resistant 
Staphylococcus aureus  (MRSA) being one particular  concern due  to  its  increasing  rise and 
association with  hospital  infections.    The  spread  of  these  resistant  strains  outside  of  the 
clinical  setting  has  been  observed  and  presents  a  further  complication  in  combating  and 
controlling these outbreaks.   The transmission of these resistant pathogens has continued 
following  the  increased  use  of  methicillin  to  treat  penicillin  resistant  strains.  The 
development of Staphylococcus aureus resistance to penicillin was fought using methicillin, 
another potent drug.  It was first found to be successful in the treatment of these bacteria; 
however,  over  time  S.  aureus  was  able  to  acquire  genes  that  encoded  for  key  enzymes 
necessary  to  inhibit  the  activity  of  the  drug  (Chamber,  2001).  By  the  1980’s, methicillin‐
resistant  bacteria were  found  in  the  United  States,  presenting  another  challenge  in  drug 
development.   
Due  to  the  increase  in MRSA  strains,  other  antibiotics  had  to  be  used  to  combat 
these  readily occurring  infections with vancomycin becoming  the only  remaining effective 
treatment  for  many  years  (Rice,  2006).    More  recently,  cases  of  vancomycin  resistant 
Staphylococcus  aureus  and  vancomycin  resistant  Enterococcus  have  been  found  in  the 
United  States  (Tenover,  2006).  Additionally,  gram‐negative  bacteria  including  Escherichia 
coli, Klebsiella, Serratia, Proteus and Enterobacter have become associated with nosocomial 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infections, many of which have acquired resistance to multiple drugs (Neu, 1992). The use 
of  several  drugs  to  treat  infections  has  resulted  in  a  decrease  in  the number of  effective 
drugs for certain species and has put strain on the available antibiotics in the development 
pipeline.  The severity of the antimicrobial resistance issue is now being affected by the lack 
of  new  antibiotics  being  introduced  onto  the  market.    The  discovery  of  new  classes  of 
antibacterials  has  decreased  since  the  1960’s  with  the  introduction  of  Trimethoprims  in 
1968 being the  last new class developed prior  to 2000  (Marr, et al., 2006; Powers, 2004).  
While the discovery of new classes of drugs with novel modes of action has been  limited, 
the introduction of new drugs in existing classes has continued.  However, these new drugs 
do  not  fully  help  in  the  treatment  of  strains  that  have  already  developed  resistance 
strategies against the drugs target.  
The prospect  of  creating new antimicrobials  that  are  essentially mimics  of  natural 
peptides  may  be  a  means  to  overcome  some  of  the  problems  facing  antibiotic  and 
antimicrobial  resistance.    One  additional  area  of  concern  is  the  rise  in  the  number  of 
antibiotics  to  be  active  against  both  bacteria  and  fungi  (Hancock,  2001).  Natural 
antimicrobial peptides, as discussed earlier, exert  their action on their  target membranes, 
an action that appears to decrease bacteria’s ability to develop resistance (Liu et al., 2004).  
The  structural  differences  between  gram‐negative  and  gram‐positive  bacteria  have  an 
impact  on  their  antimicrobial  activity  and  antibiotic  resistance due  to  the presence of  an 
additional outer membrane in gram‐negative bacteria (Hancock & Rozek, 2002).  Generally, 
it is this outer membrane that functions as an additional selectivity barrier for the cell, thus 
making  gram‐negative  bacteria  inherently  more  resistant  to  antibiotics  as  well  as  more 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difficult  in which to develop compounds against (Hancock, 1997; Hancock & Rozek, 2002).  
However,  due  to  the  ability  of  cationic  peptides  to  exploit  a  separate  pathway  for 
antimicrobial  or  antibiotic  uptake,  they  can  be  effective  against  a  broad  spectrum  of 
microorganisms, including gram‐negative bacteria.  
This effectiveness has supported their development as a novel class of antimicrobials 
that are currently in the later stages of clinical trials as use for topical antibiotics (Hancock, 
2001; Hancock & Rozek,  2002;  Boman,  2003;  Zasloff,  2002).    Topical  antibiotic  therapy  is 
largely  used  due  to  its  relative  safety  along  with  the  uncertainty  of  any  long‐term 
toxicological  effects  associated  with  systemic  drug  treatments  (Hancock,  2001;  Zasloff, 
2002).    The  full  potential  of  these  antimicrobial  peptide mimics will  be  seen  as  they  are 
expanded into systemic use.  While this has seemed years away, it could come to reality in 
the next few years pending the results of the later stage clinical trials and regulatory review.  
 
ROLE OF THE OUTER MEMBRANE: The ability of bacteria to evade the effects of antibiotics 
or to be less susceptible can be attributed to a number of features. Gram‐negative bacteria 
have  been  shown  to  be  less  susceptible  to  some  antibiotics  due  to membrane  structural 
composition.  Two  membranes,  an  outer  and  a  cytoplasmic  membrane,  surround  these 
bacteria, thereby creating a selective permeability barrier with the outer membrane.  These 
membranes are  typically asymmetric bilayers  composed of a number of proteins  that are 
interspersed  throughout  the  structure.    This  is  in  contrast  to  the  cytoplasmic membrane, 
which has a more restricted division of lipids and proteins within the membrane.  The outer 
membrane is itself composed of two monolayers, with the outer and inner layers containing 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lipopolysaccharides  (LPS)  and  phospholipids  respectively.    The  LPS  are  anionic,  large 
molecular weight molecules that appear to be effective in preserving the overall structure 
of  the membrane.   The binding property of  the outer membrane  is a  feature of  the  large 
negative charge on the LPS that is the result of the lipid A in the inner regions, making them 
effective  at  binding  cations.  Additionally,  these  individual  LPS  molecules  are  bridged 
together on  the  surface by divalent  cations  that help  to  stabilize  the overall  structure  for 
binding.  This  structure  provides  gram‐negative  bacteria  with  a  selective  barrier  that  is 
impermeable  to macromolecules and  limits  the  transport of hydrophobic molecules along 
with  neutral  and  anionic  compounds  through  the  LPS  (Vaara,  1992).    Some  hydrophilic 
molecules are able to transverse the LPS layer of the outer membrane through water‐filled 
porin channels; however their diffusion is limited by selectivity and the narrow diameter of 
some porins.  
These  features  of  the  outer  membrane  act  as  barriers  that  have  been  shown  to 
make  gram‐negative  bacteria  more  intrinsically  resistant  to  hydrophobic  compounds, 
detergents  and  antibiotics  compared  to  gram‐positive  bacteria  (Burt  et  al.  2005;  Smith‐
Palmer, et al., 1998; Vaara, 1992). Studies have supported these claims of limited diffusion 
showing that for Salmonella typhimurium the outer membrane only allowed the passage of 
hydrophilic compounds that were less than 650Da (Nakae and Nikaido, 1975). Pseudomonas 
aeruginosa has been shown to have a high resistance to some compounds, likely a result of 
its outer membrane.   Here,  the LPS  in  the membrane are very  strongly  linked due  to  the 
presence  of  large  numbers  of  magnesium  ions,  which  create  a  cross  linked  membrane 
matrix.  This increased resistance in P. aeruginosa is also increased due to the small size of 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the porin  channels  that  further  limit diffusion  into  the cell.   Conversely,  some antibiotics, 
being  small hydrophilic  compounds, are able  to effectively penetrate  the  LPS  layer of  the 
outer membrane through their diffusion into the porin channels (Nikaido, 1989). While this 
diffusion  does  occur,  it  is  limited  and  the  compounds  that  are  able  to  enter  cells  are 
subjected  to  the  additional  efflux  pumps  that  organisms  use  to  aid  in  the  resistance 
mechanisms of the cells when the primary barriers are  infiltrated (Aliakmon, et al., 2006).  
These efflux mechanisms have been shown to be associated with the increased resistance 
seen  in  E.  coli  (Sulavik,  et  al.,  2001).    If membrane  structure  is  damaged,  it  can  then  be 
followed by leakage of K+ and cytoplasmic components, respiratory inhibition and finally cell 
lysis, all secondary effects culminating as a result of initial membrane damage (Kalemba and 
Kunicka, 2003).     
 
INCREASING  PERMEABILITY OF  THE OUTER MEMBRANE:  The  decreased  susceptibility  of 
gram‐negative bacteria to antimicrobial action has been shown to be the result of the outer 
membrane  layer  surrounding  the  cell wall  that  allows  restricted  diffusion  of  hydrophobic 
substances  through  its  lipopolysaccharide  surface  (Burt  et  al.  2005;  Smith‐Palmer,  et  al., 
1998; Vaara, 1992). In addition, microorganism resistance mechanisms described previously 
have evolved to effectively evade the damaging reactions of some antimicrobials.  This has 
led  to  the  described  increase  in  resistance  and  the  need  to  find  new  antimicrobials  or 
antimicrobial combinations to effectively overcome these evasion mechanisms, especially in 
the more resistant gram negative bacteria. 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However,  while  the  LPS  functions  to  give  the  outer  membrane  its  stability  and 
selective  permeability,  it may  also  serve  as  one  of  the  binding  sites  for  compounds  thus 
facilitating membrane permeabilization.  These substances are thought to target the LPS on 
the  outer membrane  and  cause  a  disorganization  of membrane  structure  that  ultimately 
results  in an  increase  in  fluidity and entry of  the compounds  into the cell  (Alakomi, et al., 
2006; Vaara, 1992).  Studies have shown this to be the case for some natural antimicrobial 
peptides  including  the polycationic polymyxin  compounds.   While  this  permeabilization  is 
not  likely  the  killing mechanism,  it  does  however  allow  the  compounds  to  enter  the  cell 
where they can then ultimately reach their target inside the cell.   
Additional  cell  permeabilizers  include  the  well‐known  ethylendiamine  tetraacetic 
acid  (EDTA),  which  is  a  chelator  that  sequesters  divalent  cations.    These  cations  are 
necessary  for  continued  stabilization  of  the  outer  membrane  and  decreasing  their 
availability results  in an unstable membrane (Helander, et al., 1997; Alakomi, et al., 2006; 
Vaara,  1992).  Another  compound  recognized  to  effectively  permeabilize  the  outer 
membrane by intercalating into the LPS layer is the polycationic polymer polyethyleneimine 
(PEI)  (Helander,  et  al.,  1997;  Alakomi,  et  al.,  2006).  PEI  has  been  found  to  be  effective 
against  gram‐negative  bacteria  and  has  also  shown  to  increase  the  activity  of  antibiotics 
when  used  in  combination  (Helander,  et  al.,  1998).  Other  compounds  known  for  their 
permeabilizing  properties  include  polyphosphates,  which  are  currently  used  in  foods  for 
buffering, emulsification and other desirable properties not related to antimicrobial activity. 
Sodium  hexametaphosphate  (HMP),  an  anionic  polyphosphate  compound,  while  being 
weakly  antimicrobial  alone,  has  been  shown  to  effectively  permeabilize  the  outer 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membrane  and  therefore  sensitize  bacteria  to  agents  that  have  desirable  antimicrobial 
properties (Vaara and Jaakkola, 1989).    In contrast to HMP,  lauric arginate  is  itself a novel 
broad  spectrum  antimicrobial  that  also  induces membrane  destabilization  followed  by  K+ 
leakage  (Bakal and Diaz, 2005; Rodriguez, et al., 2004).    Lysozyme  is another antibacterial 
that disrupts the structure of peptidoglycan in the cell wall by hydrolyzing the β‐1‐4 links in 
the amino acids.  This chain break results in cellular lysis and associated cell death.  
These  agents  that  effectively  target  and  penetrate  the  outer  membrane  may  be 
capable of potentiating the effects of a variety of antimicrobial activities by overcoming the 
membrane barrier, especially  in gram negative bacteria, thereby increasing the number of 
effective antimicrobials against these bacteria.   
 
THERAPEUTIC POTENTIAL OF ANTIMICROBIAL PEPTIDES 
Antimicrobial peptides represent a unique class of compounds that have the potential to be 
used  as  therapeutic  agents  for  the  treatment  of  infections.  The  knowledge  of  their 
important  role  in  proper  innate  immune  system  functioning  highlights  the  possibility  for 
these to be developed  into a new class of clinically  important antimicrobials.    In addition, 
their  continued  effectiveness  over  time  demonstrates  the  decreased  likelihood  that 
bacteria will develop resistance against them, especially at the levels seen with traditional 
antibiotics.    These  peptides  have  the  potential  to  target  specific  microbial  features, 
pathways  or  even  create  new  compounds  based  on  structure  and  function  relationships. 
Since  there  is  a  relationship  between  the  mode  of  antimicrobial  action  and  bacterial 
resistance, the targeting of the highly conserved membrane of bacteria by peptides is one 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of  their  advantages over  traditional  antibiotics.    Even  though  the exact  killing mechanism 
has yet to be documented, the peptides targeting of the membrane at low concentrations 
remains the primary means as to how these peptides have retain effectiveness over time. If 
bacteria do develop resistance to cationic peptides, it is usually not absolute and therefore 
the  peptides  still  retain  some  efficacy,  which  is  in  contrast  to  what  is  observed  with 
antibiotics (Peschel and Shall, 2006).  
The large number of classified peptides in association with their great diversity and 
broad‐spectrum activity present a great opportunity for antimicrobial development of these 
peptides,  some  of  which  have  already  been  reported.  Natural  cationic  antimicrobial 
peptides  are  currently  being  sought  for  use  in  pharmaceutical  applications  and  are  being 
developed as anti‐infective agents, with some already in various phases of pharmaceutical 
drug development (Hancock, 2001; Zasloff, 2002). Additionally, some of these antimicrobial 
peptides are already being used for therapeutic purposes  in topical applications,  including 
polymyxins,  gramicidins  and  bacitracins.   While  both  gramicidin  S  and  polymyxin  B  have 
been  used  in  creams  they  are  however  toxic  thereby  limiting  their  use  in  systemic 
applications.  The ability to be used systemically is one of important features if a drug is to 
reach its full potential for therapeutic use (Hancock, et al., 2001).  
Magainin,  another natural peptide  is  active  in  vitro, however  it  is only effective at 
very high doses when  introduced  into  animal models.    These high doses  are  close  to  the 
documented  toxicity  levels, which  eliminates  the  necessary margin  of  safety  for  systemic 
use (Darveau, 1991). Other peptides from bacterial sources including the lantibiotics, have 
also  been  used  in  livestock  feed  as  a  preservative  for  some  time  and  they  appear  to  be 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resistant to proteases (Yeaman and Yount, 2003). The bacteriocin nisin, has also been used 
extensively in foods for preservation purposes and due to its being produced by Lactococcus 
lactis, is thought to be reasonably safe (Hancock and Sahl, 2006).  Nisin was first discovered 
in  the  1920’s  and  since  that  time has  gained wide  acceptance due  to  its  broad‐spectrum 
activity among gram‐positive bacteria, particularly vegetative cells and spores (Thomas and 
Delves‐Broughton, 2005).   Nisin  is  the only bacteriocin  that has been approved  for use  in 
foods as a preservative through its generally recognized as safe (GRAS) status in the United 
States (FDA, 1988; Thomas and Delves‐Broughton, 2005).  The use of nisin is a natural form 
of food preservation that has not been shown to result in bacterial resistance to any of the 
traditional  antibiotics  (Thomas  and  Delves‐Broughton,  2005).    Despite  its  activity  against 
gram‐positive bacteria, nisin is not effective against gram‐negative bacteria, molds or yeasts 
which presents problems if heat treatments are inadequate, if contamination occurs during 
processing  or  if  other  insensitive  pathogens  are  present.  The  only  other  natural 
antimicrobial compound that is allowed in foods for preservation processes is natamycin, an 
antifungal  agent  (Henning,  et  al.,  1986).   Natamycin was  first  isolated  from Streptomyces 
natalensis  in  1955  and  has  been  used  in  foods  to  kill  fungi  and  their  potentially  toxic 
secondary  metabolites  (Delves‐Broughton,  et  al.,  2005).    It  is  used  in  a  variety  of  food 
applications mainly as a surface treatment for cheese and meats and has continued to show 
little potential for development of resistance.   
Much  research has  focused on  the potential use of other bacteriocins and natural 
antimicrobial  peptides  in  foods;  however  they  have  been  unsuccessful  at  retaining  the 
majority  of  their  effective  properties  when  introduced  into  foods.  Some  factors  limiting 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their use is the high levels that may be needed to be effective in foods which could result in 
toxic responses or allergic reactions to susceptible individuals or to the general population. 
These high concentrations require an effective method of producing the bacteriocins on an 
industrially relevant scale that currently has not been optimized for cost effectiveness.   
 
ADVANTAGES  OF  BIOMIMETIC  ANTIMICROBIAL  PEPTIDES:  While  the  use  of  natural 
antimicrobial  peptides  for  therapeutic  purposes  have  been  shown  to  have  potential, 
additional research has focused on the use of biomimetic compounds due to some of their 
foreseen  advantages.  Barriers  to  the  use  of  natural  antimicrobial  peptides  as  therapeutic 
agents  have  been  encountered  which  have  limited  their  application  and  further 
development.  Although  natural  antimicrobial  peptides  have  been  shown  to  be  effective, 
they  are  however,  difficult  to  prepare,  requiring  many  organic  synthesis  steps,  and  are 
consequently  expensive  to  produce  on  a  large  scale  (Rennie,  et  al.  2005;  Nusslein  et  al., 
2006).   The high cost of producing peptides on an  industrially  relevant scale  is one of  the 
major limitations when attempting to use these peptides for antibiotics (Marr, et al., 2006), 
with  some  arguing  that  this  is  the  biggest  issue  that  needs  to  be  resolved.  This  creates 
limitations  as  to  the number of  peptides  that  can be produced  as well  as  the number of 
tests that can be performed during the initial stages of development. The number of tests 
to  ensure  a  safe  pharmacologic  product  can  and  will  be  extensive  and  will  require  an 
adequate  supply  of  peptides  for  testing.    Peptide manufacturing  can  cost  in  upwards  of 
$100  to  $600  per  gram, which  is  the  typical  amount  that  is  needed  for  a  systemic  dose 
(Hancock  and  Sahl,  2006).  The  ability  to  produce  substantial  quantities  at  a  low  cost  is 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essential  for  food  industry  applications  as well  as  their  utilization  in broad  antiseptic  and 
medical uses.  
Using  these  peptides  in  the  development  of  antibiotics  is  also  limited  by  their 
complexity and size, which is a challenge in maximizing their delivery and stability (Nusslein 
et  al.,  2006).    The natural  antimicrobial  peptide magainin  contains 23 amino acids with  a 
molecular  mass  of  2467  Da  (Nusslein,  et  al.,  2006).  The  potential  of  encompassing  the 
desirable features of magainin in a smaller, compact compound highlights the potential for 
use  of  biomimetic  peptides  that mimic  the  beneficial  properties  of  the  natural magainin. 
These obstacles of development can be overcome by the design of oligomers and polymers 
that are physical and biological mimics of the natural peptide that as described previously, 
can be easily prepared from inexpensive monomers (Rennie et al., 2005; Tew et al., 2002,).  
Another important feature of antimicrobial peptides is their potential to be used in a variety 
of  situations,  as  a  single  antimicrobial,  in  combination  or  as  neutralizing  compounds 
(Zasloff, 2004).  Combinations of antimicrobials could be advantageous where the ability to 
permeate  membrane  structures  could  allow  for  an  increased  activity  of  conventional 
antibiotics (Yeaman and Yount, 2003).   
The  design  of  peptide  mimics  that  encompass  the  key  features  of  natural 
antimicrobials yet with additional advantages has continued to result in production of new 
compounds.  Modification  of  peptides  using  the  key  features  of  natural  antimicrobial 
peptides necessary  for potent activity combined with the advantages of  these mimics has 
been  the  focus  of  biomimetic  studies.    Many  of  the  studies  have  used  magainin  as  the 
model for mimic development with many reports focusing on α‐helices.  A study evaluating 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a magainin mimic showed that the selectivity of a peptide is dependent on having a high net 
positive charge and low hydrophobicity which facilitated an increase in membrane binding 
(Weiprecht, et al., 1997).  These results highlight the potential for biomimetics to overcome 
one of  the main disadvantages of natural peptides,  this being  their potential  toxicity. The 
complex mechanisms of action for the peptides provide opportunities where they could to 
be too toxic for uses beyond topical applications.  Designing these compounds with broad‐
spectrum activity against both gram‐positive bacteria and gram‐negative and in some cases 
even  fungi  and  viruses  is  potentially  advantageous  when  compared  to  traditional 
antibiotics. While different bacterial species still exhibit a range of susceptibilities to these 
peptides,  they do however  appear  to  still  retain broad‐spectrum activity.    A  recent  study 
highlights these findings where pexiganan, a synthetic mimic of magainin was shown to be 
effective  against  a  large  number  of  gram‐negative  bacteria,  gram‐positive  bacteria, 
anaerobic  and  aerobic  bacteria.  Additionally,  efforts  with  both  Escherichia  coli  and 
Staphylococcus  aureus  were  unsuccessful  in  creating  resistance  to  repeated  passages  of 
pexiganan  (Ge, et al., 1999).   Recent studies have also shown that some synthetic mimics 
are  able  to  retain  their  activity  in  complex  biological  matrices,  further  evidence  of  their 
potential for systemic use (Yeaman, et al., 2002). Despite the seemingly decreased potency 
of  these  peptides  against  susceptible  strains  compared  to  traditionally  used  antibiotics, 
these  compounds  have  demonstrated  effectiveness  against  multi‐drug  resistant  strains 
(Marr, et al., 2006). Additionally, examination into secondary toxicities, including apoptosis 
or alteration of normal cellular processes needs to be considered when evaluating overall 
toxicity. 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It  is  these  selective  advantages of  polymers when used  to  form mimics  of  natural 
host defense peptides that have the potential to further novel antimicrobial development. 
The potential advantage of  these peptide mimics  is  shown by  the development of a  large 
database  containing  different  synthetic  compounds,  many  of  which  were  highlighted 
previously based on their therapeutic potential.  
 
NATURAL ANTIMICROBIAL COMPOUNDS 
The focus on using natural products as antimicrobials in an attempt to decrease the amount 
of chemically derived compounds  in foods has seen an  increased demand in recent years.  
Chemical  compounds  have  been  used  for  the  control  and  prevention  of  microorganisms 
since ancient times with early records  indicating their use starting  in 8000 BC (Vigil, et al., 
2005).    At  that  time  salting  was  used  as  one  of  the  main  sources  of  food  preservation 
followed by  the use of  smoking  and  sulfur dioxide  to  sanitize  equipment.    Plant  extracts, 
including spices and oils, have and continue to be used as antimicrobial agents, with ancient 
Egyptians utilizing these properties for food preservation.  However, while chemical agents 
have  shown  promise  as  antimicrobial  agents,  their  extensive  use  has  been  met  with 
opposition by some indicating that chemical usage presents potential dangers as a result of 
the large number of additives in foods.  The trend to reduce the number of additives in food 
applications  as  well  as  a  push  for  more  natural  foods  has  resulted  in  a  search  for  new 
antimicrobials  taken  or  derived  from  natural  sources,  including  animals,  plants  and 
microorganisms, many of which are widely abundant in the environment (Vigil, et al., 2005). 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While a few of these compounds have been approved and are already used in foods, others 
are now just being explored for their potential used in food systems.  
 
PLANT  SOURCES:  Plants  are  the  source  of  a  large  number  of  potentially  antimicrobial 
compounds including essential oils derived from the stems, leaves and roots of plants. The 
use of  these plant constituents, herbs,  spices and  their essential oils have been shown to 
contain  a  number  of  compounds  that  can  act  as  antimicrobial  agents  against  a  range  of 
bacteria,  yeast  and  molds.  This  activity  can  be  attributed  to  a  range  of  components, 
including  phenolic  compounds,  terpenes,  aliphatic  alcohols,  isoflavonoids,  ketones,  acids 
aldehydes  and  aliphatic  alcohols  (Shelef,  1983,  Farag  et  al.,  1989, Vigil  et  al.,  2005).    The 
plant materials  that contain  the active components are  typically  found  in  the essential oil 
fraction,  which  makes  these  oils  extremely  important  for  use  as  antimicrobial  agents. 
Essential  oils  have  long  been  recognized  for  their  antimicrobial  activity  and  are  the main 
component  responsible  for  the  fragrance  and  biological  properties  of  a  wide  variety  of 
plants.  Due to some of these intrinsic properties, essential oils are commonly used in foods 
as  preservatives  and  flavoring  agents  as  well  as  in  cosmetics  and  medical  applications.  
Studies  evaluating  the  activity  of  different  plant  essential  oils  have  found  cinnamon  and 
clove  to  have  the  greatest  inhibitory  effect  with  allspice  also  showing  evidence  of  high 
activity (Zaika, 1988). This activity is likely attributed to the active antimicrobial components 
in  these  oils  being  cinnamaldehyde  in  cinnamon  and  eugenol  in  a  large  number  of  oils 
including cinnamon, clove and allspice (Shelef, 1983; Vigil, et al., 2005). 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One  of  the major  extracts  coming  from  plant  components  includes  the  phenolics 
which themselves have a long history of antimicrobial use (Vigil, et al., 2005).  Some of the 
phenolics  already  approved  for  use  in  foods  includes  the  parabens;  butylated 
hydroxytoluene  (BHT),  butylated  hydroxyanisole  (BHA),  propyl  gallate  (PG)  and  tertiary 
butylhydroquinone (TBHQ).  These are allowed in foods where they serve a protection role 
in preventing oxidation and rancidity  in  fat containing foods (Sahidi, et al., 1992) with the 
additional  role  of  inhibiting  growth  of  microorganisms  (Branen,  et  al.,  1980;  Vigil,  et  al., 
2005).    These  antimicrobial  compounds  include  the  phenolic  acids,  hydroxycinnamic  acid 
derivatives, tannins and the flavonoids, with each group containing a number of derivatives 
or compounds with varying structural features.  
Many of these compounds are secondary metabolites of plants that are produced in 
response  to  invading  pathogens  where  their  beneficial  roles  as  antioxidants  and 
antimicrobial agents are numerous.  Their ability to act as antioxidants is the result of being 
able  to  scavenge  singlet  oxygen  and  free  radical  molecules  in  situations  where  the 
production  of  these  reactive  species  overwhelms  the  normal  capacity  to  protect  and 
eliminate.    These  compounds  can  donate  hydrogen  molecules,  which  can  terminate  the 
cascade  of  damaging  oxidative  stress  reactions,  thereby  protecting  cells  against  the 
negative  implications  associated  with  excess  free  radicals,  including  cellular  membrane 
damage and cell death.  Additionally, some of these antioxidants have antimicrobial activity 
against a number of bacterial species, with targeted activity being the result of active sites 
and other conditions in the surrounding environment (Shetty and Lin., 2006). 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The way in which these essential oils work is still not clearly defined but could likely 
be  the  result  of  changes  in  the  permeability  and  structural  changes  in  the  membranes.  
Research  into the possible mechanisms of action have indicated that phenolic compounds 
could impact enzymatic activity and toxin production by altering the fluidity of the microbial 
cell and as a result causing changes in macromolecule exchange and cell functioning.   The 
collapse of the membrane could cause cytoplasmic components to be lost, followed closely 
by an alteration in cell exchange and physiologic response (Shetty and Lin, 2006; Vigil, et al., 
2005).  In  addition,  due  to  the  large  number  of  components  that  are  contained  in  each 
essential oil fraction, their interworking or combined activity could also be a factor in overall 
activity and mechanism by which they work. 
Essential oils themselves include a large amount of individual components with the 
major constituents many times comprising the majority of the compound; with others being 
present  in  trace amounts  (Burt,  2004;  Senator,  1996).   While  the antimicrobial  activity of 
essential oils has many times been attributed to these main active compounds, studies have 
shown that the antimicrobial activity of essential oils are sometimes more inhibitory when 
compared to components assayed individually (Burt, et al. 2005; Dorman and Deans, 2000).  
As a result, all components may contribute to overall activity, including minor components 
that alone may not be effective antimicrobials. (Burt et al. 2005). Therefore, there appears 
to  be  advantageous  synergistic  effects  of  the  entire  oil  fraction,  further  presenting 
opportunities  for  synergistic  interactions between different  essential  oils  as well  as  other 
compounds, including the previously described membrane permeabilizers. 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ANIMAL  SOURCES:  Another  sources  of  natural  antimicrobial  compounds  are  those 
produced  and  found  in  animals  where  they  too  have  likely  evolved  as  a  means  of  host 
defense and antimicrobial activity.   A  large number of  these compounds are polypeptides 
found  in milk,  their derived products  and eggs where  they have been  shown  to exhibit  a 
broad  spectrum of  activity  against bacteria,  fungi,  parasites  and  viruses  (Stopforth,  et  al., 
2005).    Lactoperoxidase  is  one  protein  found  in  milk  where  it  has  been  used  as  a 
preservative in foods, especially in dairy products, due to its broad spectrum of activity.  In 
addition  to  food  products,  lactoperoxidase  has  been  added  to  toothpastes  and  has  been 
shown to be effective at removing bacterial biofilms (Johansen, et al., 1997).   Another large 
family  of  compounds  is  the  transferrins,  including  lactoferrins  and  their  derivatives. 
Lactoferrin is found in both human and bovine milk with the amount decreasing during the 
lactation process.  This compound has been shown to have a wide range of activity against 
both gram positive and gram negative bacteria, fungi, viruses and protozoa.  As a result of 
this wide  spectrum of  activity,  lactoferrins  are  being  sought  and  currently  researched  for 
use  in  foods  (Stopforth,  et  al.,  2005). Ovotransferrins  are  another  group  of  glycoproteins 
found  in  egg  white  solids  that  have  many  similarities  to  lactoferrins.    They  are  typically 
thought  to exhibit bacteriostatic activity with a majority of  the effects being attributed to 
extending the lag phase and thereby decreasing the growth of bacterial species (Stopforth, 
et al., 2005).  
Additionally, there are other antimicrobials found in animals that have been isolated 
and  characterized  for  their  activity.    These  include  avidin,  which  are  found  in  avian  egg 
whites where their mode of action has been thought to be the result of its affinity for biotin 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by  forming  complexes  that  lead  to  further  downstream  effects  (Stopforth,  et  al.,  2005).  
Defensins  are  another  group  of  animal  derived  peptides  that  have  similar  structures  and 
effects  as  the previously described plant defensins.  They  are  found  throughout nature  as 
well as  in the epithelial and  leukocyte cells of mammals where they have a wide range of 
antimicrobial activity (Ganz, 2003).  
 
FATTY ACIDS: Another  group of  compounds  that  have been  shown  to  have  antimicrobial 
activity  are  fatty  acids  and  their  esters.    These  fatty  acids,  commonly  found  in  nature, 
exhibit little or no toxicity and have been studied for hundreds of years for their potential as 
germicides.  These antimicrobials are essential components in soaps derived from the salts 
of  fatty  acids  which  are  some  of  the  most  commonly  used  sanitizers  and  disinfectants 
where they act as surface active anionic compounds.   While the potential of fatty acids as 
antimicrobial agents has been evaluated for some applications, the potency of their effects 
compared to that of antibiotics and other synthetic derivatives has allowed for some fatty 
acids  to  not  be  fully  studied  (Kabara  and  Marshall,  2005).  Additional  insight  into  the 
structure  and  function  relationship of  fatty  acids  in different  single  and multi  component 
systems may  lead  to  further  application  possibilities  in  the  pharmaceutical,  cosmetic  and 
food industries.  A study evaluating the antibacterial activity of 30 straight chain fatty acid 
and their derivatives was completed to determine if and what correlations existed between 
fatty acid structure and activity.  Here it was found that lauric acid (C12) was the most active 
straight chain saturated acid against gram positive bacteria and the addition of one or two 
double bonds  in the cis positions subsequently  increased toxicity.   However, when a third 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double  bond  was  added,  this  increased  activity  was  negated  against  the  gram  positive 
bacteria tested (Kabara, et al., 1972). Other structural  features that also  impacted activity 
was the availability of a free carboxyl group.   Here, esterification resulted in a decrease in 
activity for gram positive bacteria while esters and amides showed broad spectrum activity.  
The pH of  the  fatty acids  can also play a potential  role  in activity with a  study by Cowles 
(1941)  showed  that  those  at  a  low  pH  were  bactericidal  and  that  this  was  further 
exemplified by a corresponding increase in activity with increased chain length.  These fatty 
acids do exhibit success in being antibacterial for gram positive organisms to a much greater 
extent  than  against  gram  negative  bacteria,  which  allows  for  these  agents  to  be  used  in 
targeted approaches.  
It  has  additionally  been  shown  that  fatty  acids  have  activity  against  fungi  with 
potency  again  being  dependent  on  pH,  concentration  and  chain  length.    A  summary  of 
properties  imparting  activity  include  the  following;  1)  saturated  fatty  acid  activity  is 
increased as chain length increases up to 11 carbons, 2) chains having the same number of 
carbons  are  more  effective  in  the  straight  form  as  compared  to  their  branched  form 
counterpart  and  3)  replacement  of  a  hydrogen  by  a  hydroxyl  group  decreases  activity 
(Kabara and Marshall, 2005). 
One natural source of lipid dependent antimicrobial activity is found in human milk 
where  the  protective  factors  result  from  varying  fatty  acids  and monoglycerides.    These 
antiviral  and  antibacterial  features  have  been  attributed  to  the  decreased  incidence  and 
severity of infections in infants that are breastfed.  This is due to an increased protection at 
mucosal  surfaces  that  are  susceptible  to  a  variety  of  potential  disease  causing 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microorganisms  including  bacteria,  viruses  and  protozoa.    Research  into  the  properties 
associated  with  free  fatty  acids  and  monoglyceride  activity  in  milk  has  found  that  they 
become  antimicrobial  upon  digestion  where  they  are  released  from  milk  triglycerides 
thereby providing protection.  The antimicrobial activity of these fatty acids can be classified 
as  either  long‐chain  unsaturated  fatty  acids  or medium‐chain  saturated  fatty  acids.  Oleic 
and  lauric  acid  are  two  of  these major  components  found  in  human milk  (Isaacs,  2005).  
Structure  and  function  investigations  of  these  fatty  acids  revealed  that  monoglycerides 
having chain lengths greater than twelve carbons had a tendency to be less effective than 
medium chain length lipids in human milk formulations (Isaacs, 2005).  An analysis into the 
reasons for this increased activity has focused on both the decreased solubility of fatty acids 
as their chain length increases as well as the possibility that lipids with longer carbon chains 
tend to bind to other molecules inside the cells.  This could cause a decreased interaction of 
the  antimicrobial  component  of  the  fatty  acids  with  the  microorganisms  resulting  in  a 
decreased  efficiency  (Isaacs,  1995).    Insight  into  how  these  free  fatty  acids  function  in 
human  milk  could  further  the  possibility  of  customizing  different  combinations  and 
structural  features  targeted  for  specific  pathogens  or  for  particular  functions.    These 
formulations are not limited to those based on lipid components but could also incorporate 
the combining of lipid and peptide moieties to optimize activity.   
The  susceptibilities  of  gram  positive  and  gram  negative  bacteria  to  different  fatty 
acid  chain  lengths  have  been  shown  to  have  species  and  strain  variations  leading  to 
opportunities  for  tailored  molecule  combinations  (Isaacs,  1995).    As  highlighted  earlier, 
previous  research has  shown  that  concentration,  time of exposure and  structure,  such as 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fatty  acid  chain  length,  all  can  contribute  to  the  overall  killing  capability  of  a  certain 
antimicrobial.    Some  gram‐negative  bacteria,  including  Escherichia  coli,  are  more 
susceptible to medium chain fatty acids as compared to longer chain lengths thus targeting 
of  gram  negative  bacteria  with  these  characteristics  could  be  optimized  by  a mixture  of 
shorter chain fatty acids (Isaacs, 1995; Shibasaki and Nato, 1985).  When preparing mixtures 
of lipids, the antimicrobial activity is additive when the concentration of each individual lipid 
is  by  itself  below  the  necessary  level  to  be  antimicrobial.  However,  when  combined,  an 
antimicrobial effect is observed.  In addition, synergistic effects are seen when antimicrobial 
activity of the mixture is greater than the individual activity of the components included in 
the system when used alone (Issacs, 2005).  The GRAS status of certain fatty acids, including 
monoglycerides  allows  for  the  use  of  these  compounds  in  food  products  where  this 
combined approach can be used to increase activity.  While many of these compounds are 
effective alone, their  individual  limitations could be overcome when hurdle technology, or 
combinations,  are  used  to  target  multiple  structures  or  organisms.  This  combining  of 
antimicrobials  may  allow  for  effective  targeting  of  various  membrane  components  by 
different  compounds,  including  lipids  and  peptides,  that when  combined  together  at  low 
concentrations  could  effectively  inactivate  microorganisms  (Isaacs,  2005).    Under  these 
conditions,  both additive  and  synergistic  effects  could be  incorporated  in binary mixtures 
containing peptide and lipid compounds with the possibility of increasing their antimicrobial 
activity  through  concurrent  targeting  of  pathogen  defense  mechanisms  with  faster  and 
more efficient activity. 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ANTIMICROBIAL POTENTIAL OF METAL NANOPARTICLES 
Another  source  of  compounds  that  exhibit  antimicrobial  activity  are metals,  especially  in 
their  ionic forms where they have been shown to be active against a variety of organisms 
for  years.    The  use  of  these  today  for  their  antimicrobial  properties  can  be  seen  in  their 
application in paints, medical instruments or food contact areas as self‐disinfecting surfaces 
where they serve a beneficial role (Borkow and Gabbay, 2005; Noyce, et al., 2006).  While 
these compounds do exhibit effectiveness, their activity and function has been expanded by 
the  introduction  of  nanotechnology  and  the  development  of  metal  particles  on  the 
nanoscale.  
The rapid growth in the field of nanotechnology that has been seen as of recent has 
the  capacity  to  revolutionize  science  and  industry  in  the  coming  years.  The  innovation 
underlying  this  potential  is  highlighted  by  the  significant  investments  that  national 
governments have made over the past ten years into this developing field.  Despite this and 
although nanotechnology  is still  in  its early stages of development  it  is still experiencing a 
rapid expansion due to the wide range of products and sectors that are predicted to benefit 
from the tailoring of particles for desired functional purposes. As a result, the production of 
nanomaterials is developing into what could likely be a $3 trillion industry by 2018 (Project 
on Emerging Nanotechnologies, 2008).  The definition of nanoparticle has evolved through 
time  but  has  come  to  be  described  as  any  particle  with  a  minimum  of  two  or  three 
dimensions greater than 1 nm and smaller than 100 nm in size (ASTM Standard E, 2006; EPA 
Nanotechnology  White  Paper,  2007;  Kreyling,  et  al.,  2006).    The  associated  field  of 
nanotechnology  is  described  as  the  measurement,  manipulation,  production  or  use  of 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intentionally produced nanoparticles  for specific applications  (ASTM Standard E, 2006). As 
indicated  previously,  intentionally  produced  nanoparticles  are  precisely  controlled  for 
defined  shape  and  size  specifications  with  the  ability  to  be  created  having  a  desired 
functionality  and  eventual  application  in  mind.  The  classification  of  these  intentionally 
produced nanoparticles is difficult due to their continual development and intricate design.   
While  suggestions  and  classification  schemes may  vary,  the  EPA  has  outlined  four 
main  categories  in  their  Nanotechnology  White  Paper;  carbon‐based,  metal‐based, 
dendrimers  and  composites  (2007).  The  focus  here  is  on  metal‐based  materials,  which 
include quantum dots, nanogold, nanosilver and metal oxides. This includes the frequently 
used  titanium dioxide, which already has  a history of been  incorporated  into a  variety of 
products including paints, cosmetics, sun block creams and pharmaceuticals (NIOSH, 2005; 
NIOSH 2006). 
Synthesis  of  these  particles  can  be  controlled  at  the  atomic,  molecular  or 
macromolecular level to create variable internal structures and surface arrangements. Such 
manipulations can result in increased reactivity as a result of exposing over one third of the 
particles  atoms  to  the  surface  (Goldman  and  Coussens,  2005;  Kreyling  et  al.,  2006). 
Formation  of  a  crystalline  structure  results  in  less  tightly  bound  exterior  atoms  that 
facilitates binding of particles  in their environment and  increases the potential  for surface 
interface  interactions.  This  is  especially  true  for  particles  with  a  diameter  of  10‐20nm, 
because as this size is reached, the atoms on the surface comprise a significant number of 
the total atoms. A report by Oberdorster, et al., (2005) highlighted this fact by showing that 
a particle diameter of  5µm had 153,000,000  cm‐3  particle numbers  and a  surface  area of 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12,000 µm‐3/cm‐3 compared to a 250 µm particle diameter with a 0.15cm‐3 particle number 
and a surface area of only 12 µm‐3/cm3.  The ratio of the number of atoms on the surface to 
total  atoms  increases  in  an  exponential  manner  as  the  size  of  the  particle  is  reduced, 
suggesting that they could exhibit greater reactivity in biological systems. This large number 
of  particles  per  unit  mass  could  be  either  beneficial,  as  antioxidants  or  drug  carriers,  or 
undesirable  in  the  case  of  increased  toxicity  or  oxidative  stress.  It  is  this  differential 
reactivity compared to the bulk compound that  increases  their  toxicological potential and 
necessitates further study (Ma Hock, et al., 2007).   
A  number  of  these  particles  unique  characteristics  that  are  being  sought  for 
beneficial  purposes,  especially  in  food  and  environmental  applications, may  also  pose  an 
increased risk to humans and ecosystems. The reduction in size and manipulation of shape 
could result in the particles being able to more readily transverse cellular membranes, enter 
tissues  or  cross  the  blood  brain  barrier.   While  this  could  be  beneficial  for  some  of  the 
desired medical  applications  relating  to  disease  treatment  or  drug  delivery,  it  could  have 
negative  impacts  if  toxicity  occurs  at  alternate  cellular  sites.  The  diversity  in  the 
physiochemical  properties  and  considerable  number  of  these  engineered  nanoparticles 
limits their ability to be subjected to conventional risk‐benefit analysis. These analyses are 
possible,  however  the  expansive  nature  of  nanoparticle  diversity makes  them  difficult  to 
conduct on a  time scale concurrent with  the development of nanomaterial products. This 
highlights the need for establishment of a method to screen nanoparticles for their toxicity 
and  relate  toxic  endpoints  to  their  beneficial  effects,  including  increased  antimicrobial 
activity, a desirable property for use in food systems. 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NANOPARTICLE REGULATIONS: The United States  federal government has  recognized  the 
promise  that  this  developing  field  of  nanotechnology  could  have  in  countless  everyday 
applications, including food systems. It committed itself to expanding the innovative science 
and  research of nanotechnology by establishing  the National Nanotechnology  Initiative  in 
2001. The formation of this program highlighted the important role that nanotechnology is 
expected  to  play  in  the  upcoming  years.    This  initiative  indicated  the  proactive  approach 
that the government is attempting to take in understanding the risks and benefits of these 
particles.    The  FDA’s Nanotechnology  Task  Force has  recognized  the  importance of  these 
products and has reported that nanoparticles could be used in combination with a majority 
of  products  regulated  by  the  FDA,  thereby  creating  a  definite  need  to  explore  and 
document  their  safety.    Currently,  there  is  no  framework  in  place  for  the  testing  of 
nanoparticle safety, despite the widely accepted and document fact that as a particles size 
is  reduced;  the overall  chemical and physical properties are changed  (Oberdorster, 2005). 
The issues surrounding the interactions of different nanoparticles with biological systems is 
complex and continues to result  in discussion related to how to best regulate and classify 
these particles.  According to the National Nanotechnology Initiative report, interactions of 
nanomaterials are best defined on a case by case basis, yet this becomes highly unrealistic 
due to the large number and variations of particles (2007).  
 
NANOPARTICLE FOOD APPLICATIONS: Applications for nanotechnology in the food industry 
are newly and rapidly emerging with many developments being based on ideas from related 
sectors.  The  increasing demand  for more wholesome, minimally processed  foods and  the 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greater extent  to which  foods are being  transported has  created a need  for new ways  to 
maintain a safe food supply, of which nanoparticle may provide a solution.  The possibilities 
for nanoparticles in the food sector are varied, ranging from improving tastes, textures and 
sensations,  enhancing  nutrient  absorption,  traceability,  biosensors  and  improvements  in 
packaging (Chaudhry, et al., 2008). Food packaging technologies derived from nanoparticles 
could  have  applications  in  improving  packaging  materials  using  active  packaging  that 
contain  highly  antimicrobial  agents  or  intelligent  packaging  materials  for  use  as 
nanosensors.  According  to  a  review  of  antimicrobial  food  packaging  by  Appendini  and 
Hotchkiss,  incorporating  antimicrobials  into  packaging  materials  could  be  a  way  to  both 
extend shelf life and maintain food quality (Appendini and Hotchkiss, 2002). These products 
are also predicted  to have enhanced properties of  flame and barrier  resistance as well as 
thermal and  structural  characteristic  improvements. Currently,  there are  companies using 
clay nanoparticles in plastic drink bottles to improve strength and provide a barrier between 
product  and  environment  gas  exchange,  thus  keeping  the  product  fresh  longer  and 
extending  shelf  life  (Project  on  Emerging  Nanotechnologies,  2008).    Nanosilver  has  also 
found use in food contract materials where it has been added to extend food preservation 
in storage containers or bags.  Additional uses have incorporated nanoparticlulate forms of 
silver  into  kitchenware  and  tableware  in  an  effort  to  reduce  bacterial  growth  on  these 
surfaces (Chaudhry, et al., 2008).  The emphasis is currently focused on incorporating these 
nanosized materials  into  packaging  or  food  contact materials,  however  the  eventual  goal 
appears  to  focus  on  their  direct  use  in  foods  as  functional  food  ingredients  or  for 
nanoencapsulation of food components or additives  (Taylor, 2008). 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A current  inventory  from The Project on Emerging Nanotechnologies  (2008) at  the 
Woodrow  Wilson  International  Center  for  Scholars  has  listed  over  five  hundred 
nanomaterial containing consumer products currently on the market.  It is figured that over 
200  companies  are  presently  researching  or  developing  nanoparticles  for  use  in  food  or 
environmental applications (Chaudhry, et al., 2007). The “health and fitness” and “food and 
beverage” categories make up the majority of inventoried products in this international and 
continually  expanding  database  of  nanoparticle  containing  products.    This  inventory 
identified silver as the most commonly used nanoparticle  in products,  followed by carbon 
nanotubes,  fullerenes,  titanium dioxide,  zinc oxide, and silica. While  these were  the most 
highly  characterized  particles,  it  was  documented  that  a  large  proportion  of  the 
nanomaterials could not be classified based on their chemical identity. This fact, indicating 
that a majority of nanoparticles currently used in consumer products could not be classified, 
further  signifies  the  need  for  effective  characterization,  testing  and  regulation  of  these 
particles to be established.   
The  previously  presented  data  on  the  examples  of  nanoparticles  used  in  foods 
indicates  the  wide  range  of  nanoparticle  chemical  compositions  that  have  found  use  in 
these applications. There is currently a number of places where silver compounds are being 
used, including industrial applications, photography, medicine, burn wound treatments and 
in  controlling  bacterial  growth  in  water  (Drake  and  Hazelwood,  2005;  Liau,  et  al.,  1997; 
Silvestry‐Rodriquez, et al., 2008). Colloidal silver is sometimes used as a treatment to fight 
the common cold (Fung and Bowen, 1996) and has been seen by some to be effective as a 
treatment  for  diseases  and  is  commonly  found  in  dietary  supplements  (Drake  and 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Hazelwood, 2005; Silver, 2003). Titanium dioxide is another nanoparticle frequently used in 
a  variety of products  ranging  from paints,  ceramics, plastics and as a  color additive  (FDA, 
2002)  due  to  its  white  color  at  sizes  greater  than  100  nm.    However,  when  the  size  of 
titanium dioxide is reduced to less than 100 nm, it becomes transparent and can be used in 
sunscreens to absorb ultraviolet light.  At this time, nanoparticles in foods would be defined 
as food additives, and would be regulated under the Federal Food, Drug, and Cosmetic Act . 
This  food  additive  definition,  outlined  in  21  CRF  170.3,  is  for  substances  not  generally 
recognized as  safe  (GRAS) and  intended  to become a component of  foods, both of which 
nanoparticles in food applications would fulfill.  
 
NANOPARTICLE TOXICITY:  Despite the limited number of studies evaluating toxicity, efforts 
are ongoing to establish prediction models and human health hazards related to exposure 
of engineered nanoparticles (National Toxicology Program Nanotechnology Safety Initiative, 
2006).   The United States Government does currently provide a design tree model for the 
systematic  study  of  potentially  toxic  compounds.    An  updated  version  of  food  toxicity 
testing (Toxicological Principles for the Safety of Food Ingredients, Redbook 2000) provides 
FDA’s guidance as to the types, endpoints and interpretations for the range of toxicity tests 
that  should be  included  in a  standardized  test of  food  toxicity. The established guidelines 
highlight the importance of choosing the appropriate tests for the compound of interest as 
well  as  using  representative  species  and  endpoints  in  which  to  evaluate  overall  toxicity.  
This begins with defining the test material, followed by obtaining an assessment of human 
exposure,  and  conducting  both  acute  and  chronic  tests when  necessary.  Difficulties  arise 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when  there  is  limited  information  about  the  chemical  nature  of  the  compound  and  the 
possibility of  exposure.  It  is  not practical  to begin  a  test  of  all  compounds with unknown 
toxicity in an animal model, especially when there are a large number of varying structures, 
as is the case for nanoparticles. Using in vitro tests have been shown to provide useful clues 
primarily into compounds mechanism of action, of which that data can then be analyzed to 
provide for further study direction (Omaye, 2004b).    
In  addition  to  well‐established  toxicity  endpoint  assays,  the  National  Toxicology 
Program  (NTP)  is  considering  the  applicability  of  creating  structure  activity  relationship 
models for nanoparticles based on toxicological endpoints. These QSAR methods are highly 
desirable  for  studying  nanoparticles  but  their  requirement  for  quantitative  toxicological 
data  is  hindered  by  the  current  lack  of  these  studies.  However,  developing  these  QSAR 
relationships could give  insight  into  the structural characteristics of nanoparticles  that are 
responsible  for  their potential  toxicity.   This approach has previously been undertaken by 
the  EPA  for  the  initial  screening  of  some  untested  compounds  to  assign  priorities  for 
bioassay testing that can be both labor intensive and expensive.  They have developed their 
own Toxicity Estimation Software Tool (T.E.S.T) to estimate toxicities, however the software 
currently  recognizes  a  limited  number  of  endpoints.    Further  expansion  of  included 
endpoints will enhance the utility of this particular software in estimating toxicity based on 
molecular  structures.  This  increased  research  by  a  number  of  agencies  into  quantitative 
toxicology indicates that this could be the future of toxicity testing when performing initial 
screening of compounds. The availability of this type of data for nanoparticles could greatly 
enhance  the  knowledge  of  these  nanoparticles mechanisms  of  action  in  relation  to  their 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toxicity  as  well  as  desired  antimicrobial  activity,  a  key  component  that  needs  to  be 
addressed with the rise of nanoparticle applications in the food sector.   
 
ANTIMICROBIAL ACTIVITY OF NANOPARTICLES:  Silver  nanoparticles  are  likely  one  of  the 
most highly researched particles to (Liau, et al., 1997; Silvestry‐Rodriquez, et al., 2008). The 
large  number  of  applications  for  silver  nanoparticles  highlights  the  need  to  study  their 
mechanism of  action  and  toxicity  in more  detail  to  further  understand  their  interactions. 
Having an insight into the nanoparticle antimicrobial mode of action is an important factor 
when  a  nanomaterial  is  intended  for  food  applications.    This  knowledge  is  beneficial  to 
knowing which particles will perform best in a desired application, thereby allowing for the 
potential  of  structure  to  be  related  to  function.    Some  particles  with  possible  food 
applications have been studied  in detail,  including silver and silver  ions  (Lok, et al., 2006).  
However,  the  idea  that macroscale particles can have different  functions again holds  true 
and emphasizes the need to investigate nanoparticles.   
A previous study that attempted to evaluate antimicrobial activity of silver ions and 
silver  nanoparticles  using  a  comparative  proteomic  analysis  were  able  to  demonstrate 
activity  at  micromole  and  nanomole  concentrations  respectively  (Lok  et  al.,  2006).    This 
antimicrobial mechanism of action for silver ions has been studied previously showing that 
micro  molar  levels  can  result  in  inhibition  of  respiratory  chain  enzymes  (Schreurs,  and 
Rosenberg, 1982; Semeykina and Skulachev 1990), and result  in oxidative phosphorylation 
(Bard, et al., 2005; Schreurs, and Rosenberg, 1982).   The study by Lok et al.,  (2006) found 
similar mechanisms of action for silver ions and further found that silver nanoparticles could 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function by interfering with the proton motive force by targeting the bacterial membrane.  
This  study  supports  the  need  to  study  the  mechanism  of  action  of  nanoparticles  in 
conjunction with  their  antimicrobial  activity,  especially  if  previous  studies  have  evaluated 
their macroscale components, as differences are likely to be observed.   
Research in our lab has recently evaluated the antimicrobial activity of a number of 
metal nanoparticles,  including copper,  silver and a copper/silver alloy. We  found all  three 
compounds  to  be  effective  antimicrobials  against  E.  coli  ATCC  25922  at  levels  less  then 
2000µg/ml.  Their activity against the representative gram‐negative bacteria was shown to 
be  partially  due  to  particle  membrane  interaction  followed  by  inhibition  of  cellular 
respiration (unpublished results).  SEM images revealed a markedly increased attachment of 
copper nanoparticles to the surface of E. coli after only 15 minutes of interaction (Figure 1).  
Further  insight  into  the  possible  mechanism  of  action  showed  that  inhibition  of  cellular 
respiration  could  be  reduced  in  the  presence  of  nanoparticles  as  evidenced  using  a 
respiratory  indicator  (5‐cyano‐2,3‐ditolyl  tetrazolium  chloride  (CTC))  coupled  with  flow 
cytometry (Figure 2). A shift from a respiring to a non‐respiring population was seen with an 
increase  in  incubation  time with  alloy  nanoparticle  treatments.    These  data  point  to  the 
potential  for use of  these  types of metal  nanoparticles  in  food applications,  however  the 
unknown nature of their toxicity still needs to be addressed. 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MULTICOMPONENT ANTIMICROBIAL SYSTEMS 
While all these antimicrobials have their advantages and uses for certain applications, their 
potential  for  resistance  development  and  targeting  based  on  potency  has  encouraged 
further  research  into  their mechanism and route of action. One significant  result  that has 
developed  from  research  surrounding  the mechanisms  of  resistance  and  the  attempts  to 
overcome such occurrences has led to the concept of multi‐drug therapy.  The idea of using 
a combination of drugs to more effectively target the specific source was thought to be a 
potential key in evading the possibility of resistance.  Attempts were made to use the drugs 
at  lower  concentrations  and  for  shorter  durations  upon  seeing  evidence  of  these  being 
possible causes for the increased resistance. It was documented that prescribed doses and 
length of treatment had to be optimized to help curve the increasing onset of drug resistant 
bacteria as well as to help eliminate the possibility for the even more severe development 
of multi‐drug resistance (Lewis, et al., 2002).  
The feature of antimicrobials  interacting together is expected to occur in nature as 
separation  of  functional  components  is  not  feasible  in  naturally  occurring  systems.    Here 
peptides may interact with host cells, with pathogens and with each other at multiple sites 
thereby resulting in the use of several mechanisms for enhanced and efficient targeting of 
pathogens.  The  possibility  of  many  low‐affinity  interactions  between  cationic  peptides 
creates  a  system  that  is  able  to  target multiple  sites  and processes  in  the organism.  This 
feature is beneficial for natural systems and could be advantageous when developing multi‐
component systems based on these peptides. 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HURDLE  TECHNOLOGY:  The  combining  of  different  compounds  or  of  different  principles 
that impart a killing mechanism is important to effectively target and eliminate pathogens.  
This  concept  of  hurdle  technology  is  used  with  the  intention  of  improving  food  safety, 
quality and stability or of targeting multiple killing pathways.  This is accomplished through 
a multistage  approach where  different  key  areas  in  the  cells  are  challenged  to maximize 
killing potency.  This technology has been used for many years in the preservation of foods 
based  on  some  of  the  principle  factors  underlying  food  safety  and  quality  including  pH, 
temperature,  water  activity  as  well  as  the  variety  of  flora  present  in  the  food  matrix 
(Leistner,  2000).    However,  insight  into  the  interactions  behind  how  these  combinations 
function is not fully understood and continues to be researched.  The trend in recent years 
to a more natural  source  from which  to obtain  food preservation additives has  furthered 
the  possibility  of  using  natural  antimicrobials  and  their  synthetic  mimics  in  hurdle 
techniques.    These  antimicrobials  have  been  shown  to  be  synergistic  with  heat  and 
therefore  they may  be  utilized  in  areas where  lower  levels  of  heat  treatments may  have 
desirable impacts on final food quality parameters. One established application of this can 
be  seen  in  the  use  of  natural  antimicrobial  peptide  nisin  in  the  preservation  of  heat 
processed  and  low  pH  foods.  Nisin,  a  bacteriocin  produced  by  lactic  acid  bacteria  is 
bactericidal against a range of gram‐positive bacteria by primarily targeting the cytoplasmic 
membrane  of  cells.    The  widespread  application  of  nisin  is  limited  however  by  its  low 
stability  and  its  inactivity  when  in  contact  with  certain  food  matrices.  Some  of  these 
limitations have been overcome  through  the combining of nisin with other antimicrobials 
and essential oils (Leistner and Gould, 2005; Pol and Smid, 1999).  One study evaluated the 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combining  of  sub  lethal  doses  of  nisin with  carvacrol,  an  essential  oil  from oregano,  and 
found  a  synergistic  relationship  with  an  increased  reduction  in  both  Bacillus  cereus  and 
Listeria  monocytogenes  species.  The  addition  of  lysozyme,  a  third  preservative,  further 
decreased the viable cell count of Listeria monocytogenes (Pol and Smid, 1999).  
Other works have shown that gram‐negative bacteria, usually resistant to nisin and 
lysozyme due to their additional outer membrane, were inactivated in their presence after 
expose  to  high  pressure.    This  increased  sensitivity  was  due  to  an  increase  in  outer 
membrane permeability  caused by exposure  to high pressure whereby  the  antimicrobials 
could then effectively penetrate the bacterial cells (Diels, et al., 2005; Hauben, et al., 1996).  
These  studies  demonstrate  the  effectiveness  of  combining  different  food  preservation 
techniques to attack pathogens from different angles in an attempt to maintain food quality 
and  nutrition.    In  addition,  the  use  of  different  antimicrobial  combinations  could  present 
added means of killing microorganisms through synergistic or additive effects by employing 
different mechanisms of action. 
 
SYNERGISTIC  ACTION  OF  ANTIMICROBIALS:  The  ability  to  achieve  greater  antimicrobial 
activity  through  the use of more  than one principle  or  compound has  been  shown  to be 
effective at circumventing some bacterial mechanisms of evasion or resistance.  There has 
been  documented  examples  of  using  some  of  the  previously  described  outer membrane 
permeabilizers  as  well  as  other  compound  combinations  to  increase  uptake  of  potent 
antimicrobials which  are  either  normally  excluded  from  cells  or  have  limited  penetration 
through the membrane. Synergistic activity of peptides was shown in a study by Westerhoff 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et al. (1995) where a 20 fold reduction in the minimum inhibitory concentration was shown 
with  the  combination  of magainin  2  and magainin  PGLa  from  the  skin  of  Xenopus  laevis 
compared  to  either  peptide  alone.  Another  class  of  α‐helical  peptides,  the  dermaseptins, 
posses  varying degrees of  antimicrobial  activity against bacteria and  fungi, however,  they 
show  great  synergistic  activity  in  combination  with  other  peptides.  Some  of  these 
combinations result in an activity increase of over 100 fold which is further evidence of the 
evolutionary significance of species having a wide range of peptides in facilitating protection 
from pathogens (Nicholas and Mor, 1995).    
Furthering  this  potential  are  other  classes  of  compounds  known  to  have  outer 
membrane permeabilizing properties,  including  the highly anionic polyphosphates.   While 
polyphosphates  have  been  shown  to  damage  the  outer membrane,  they  are  alone weak 
antimicrobial agents, with the majority of their activity being against gram‐positive bacteria 
(Vaara  and  Jaakkola,  1989).  As  a  result  of  their  relative  ineffectiveness  as  antimicrobial 
agents, polyphosphates are commonly used in a large number of processed meat products 
to  protect  flavor  as  well  as  enhance  functional  properties.    The  mechanism  by  which 
polyphosphates damage the cell membrane is thought to involve their ability to chelate and 
form  complexes  of  multivalent  cations  (Ca2+,  Mg2+)  present  in  the  outer  membrane, 
resulting in the subsequent effects of membrane damage.  In gram‐positive bacteria, cross 
linkages  between  these  metal  cations  and  the  teichoic  acids  are  believed  to  result  in 
membrane  damage  (Lee,  et  al.,  1994;  Vaara  and  Jaakkola,  1989).    Due  to  their  ability  to 
cause membrane damage, the potential for using polyphosphates to sensitize bacteria to an 
antimicrobial  agent  shows  promise.    Vaara  and  Jaakkola  (1989)  demonstrated  this  with 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gram negative bacterial species that are normally resistant to hydrophobic drugs.  Here, the 
application of polyphosphates with hydrophobic probes, including rifampin, fusidic acid and 
sodium  dodecyl  sulfate  (SDS),  resulted  in  a  decrease  in  MIC,  signifying  an  increase  in 
antimicrobial  activity when  used  in  combination.    Another  study  confirmed  the  ability  of 
polyphosphates  to  permeabilize  membranes,  yet  they  did  not  appear  to  enhance  the 
antimicrobial  activity  of  all  antibiotics  or  plant  extracts  tested  (Guha,  et  al.,  2002.) While 
there  is  still  conflicting  data  about  polyphosphate  use  as  sensitizing  agents,  theses 
combinations do have the potential to be applied to a wide range of possible antimicrobial 
compounds that are typically ineffective against bacteria, especially gram‐negative species.  
The potential  also exists  to  combine polyphosphates with essential  oil  compounds where 
they could be used both as antimicrobial enhancing agent and as emulsifying compounds 
depending on the application.   
   As  described  previously,  EDTA  and  polymyxin  B  can  enhance  the  activity  of 
antibiotics through their activity of destabilizing and disorganizing the outer membrane of 
bacteria (Helander, et al., 1997; Alakomi, et al., 2006; Vaara, 1992).  This activity has been 
documented against Pseudomonas aeruginosa, a strain highly resistant to antibiotics.  Here, 
EDTA, along with  sodium citrate and sodium hexametaphosphate acted as permeabilizers 
and  resulted  in  an  increase  in  bacterial  cell  lysis,  especially when  lysozyme was  added  in 
combination  (Guha,  et  al.,  2002).  The  addition  of  EDTA  and  sodium  citrate  caused 
Pseudomonas  to  become  susceptible  to  vancomycin,  to  which  it  is  typically  resistant. 
Polymyxin B has also been extensively characterized as an outer membrane permeabilizer, 
where is has been reported to increase activity of antibiotics against certain enteric bacteria 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(Vaara, 1992).  However, while it is impressive under these circumstances, it is limited by its 
apparent  toxicity,  especially  in  clinical  applications.  Furthering  on  the  use  of  natural 
compounds that have a similar function has led to the use of polyamines, which are cationic 
compounds found in living organisms.  A recent study by Kwon and Lu (2006) demonstrated 
that  the  MICs  of  β‐lactams,  trimethprim,  nalidixic  acid  and  chloramphenicol  against 
Pseudomonas  aeruginosa  were  decreased  when  used  in  combination  with  polyamines, 
however  not  all  the  antibiotics  tested  exhibited  an  increase  in  activity.    This  lack  of  all 
encompassing activity enhancement with the polyamines was in contrast to the decrease in 
MICs of all antibiotics when associated with either EDTA or polymyxin B.   This disparity  in 
activity  enhancement  could  be  the  result  of  the  differences  in  the  targets  of  polyamines 
compared  to  EDTA  and  polymyxin.  Despite  the  fact  that  polyamines  are  cationic 
compounds,  a  characteristic  of  outer  membrane  permeabilizers,  including  EDTA  and 
polymyxin,  they were not  shown  in  this  case  to  cause damage  to  the membrane  like  the 
compounds EDTA and polymyxin (Kwon and Lu, 2006). 
The  enhancement  of  antibiotic  activity  by  outer  membrane  permeabilizers  is 
thought  to  be  the  result  of  the  compounds  ability  to  bind  lipopolysaccharides,  thereby 
causing a disorganized membrane structure and a more highly transversable membrane. In 
addition to polymyxin B, these compounds include the polymyxin B derivatives, protamine 
(Vaara  and  Vaara,  1983),  defensins,  cecropins,  magainins,  mellitin  and  lysine  polymers 
(Bevins and Zasloff, 1990; Bowman, 1991; Krogfelt, et al., 2000; Lehrer, et al., 1991).  EDTA 
is  a divalent  cation chelator  that acts  to disrupt membrane  structure by binding Ca2+ and 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Mg2+  and  thus  removing  them  and  their  function  in  holding  together  the membrane.    In 
addition to  these chelators, phospholipids have also been shown to bind divalent cations, 
thereby  allowing  them  to be  investigated as potential  enhancing  compounds.   One  study 
was able to verify this role showing that some phospholipids had the desirable properties 
necessary to enhance the activity of β‐lactam antibiotics.  Here is was found that the length 
of the fatty acid tail was  important, with a 12 carbon tail being effective while a 6 carbon 
tail  had  no  enhancing  effect  of  ampicillin  against  Pseudomonas  aeruginosa.    It  was  also 
found  that  the  ability  of  phospholipids  to  form micelles was  important  for  enhancement 
with their function being similar to that described for EDTA (Krogfelt, et al., 2000).   
Other  natural  compounds  are  being  used  as  enhancing  agents,  including 
sesquiterpenoids, which are derivatives of  terpenes, a  class of  compounds produced by a 
number  of  plants  and  insects.    These  terpenes  are  the  primary  components  of  plant 
essential  oil  compounds  where  they  are  used  widely  in  flavorings  and  fragrances,  being 
produced  by  the  linking  of  isoprene  units.    Research  has  shown  monoterpenes  and 
sesquiterpenoids  to  have  many  functions,  including  their  insecticidal  activity  and  their 
pheromone properties (Grodnitzky and Coats, 2002).  They have also been effective in the 
delivery of drugs and as quorum sensing agents (Brehm‐Stecher and Johnson, 2003; Jabra‐
Rizk, et al., 2006), further highlighting their diverse range of functions.    Additionally, their 
role  as  enhancing  agents  of  antibiotics  has  been  documented  as  they  have  the  ability  to 
permeate bacterial cells in a non‐specific manner, allowing antibiotics or other compounds 
to  enter  the  cells.    The  flavor  and  aroma  compounds,  apritone,  bisabolol,  farnesol  and 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nerolidol,  were  found  to  increase  the  antimicrobial  activity  of  Staphylococcus  aureus  to 
certain  antibiotics  (ciprofloxacin,  clindamycin,  erythromycin,  gentamicin,  tetracycline, 
vancomycin)  and  Escherichia  coli  to  polymyxin  B  (Brehm‐Stecher  and  Johnson,  2002).    A 
further application of farnesol, a cholesterol synthesis intermediate in mammalian cells, has 
been  its  effectiveness  at  sensitizing  methicillin‐susceptible  and  methicillin‐resistant 
Staphylococcus aureus strains to a number of antimicrobials. A synergistic relationship was 
found between farnesol and gentamicin exposed S. aureus static biofilms with a reduction 
of more  than 2  logs when used  in  combination  (Jabra‐Rizk,  et  al.,  2006).    This  enhancing 
effect  of  sesquiterpenoids  was  further  confirmed  with  quaiazulene,  nerolidol  and 
germacrene  D  enhancement  of  common  antibiotics  (ciprofloxacin,  erythromycin, 
gentamicin,  vancomycin)  against  both  Escherichia  coli  and  Staphylococcus  aureus.    The 
action  of  both  germacrene  D  and  nerolidol  on  inhibiting  cell  membrane  function  was 
evidenced both alone and  in  combination,  further  indicating  that  these compounds could 
be acting on the membrane (Simoes, et al., 2008).   
 
METHODS OF EVALUATING ANTIMICROBIAL ACTIVITY 
The  ability  to  access  antimicrobial  activity  under  varying  conditions  and  to  effectively 
evaluate  and  interpret  the  results  is  essential  to  determining  the  most  effective 
antimicrobial for a particular application.  Assays that are able to measure this activity are 
continually  developed  and  modified  to  fit  specific  testing  conditions  with  modifications 
many  times  undertaken  by  individual  laboratories.  This  lack  of  uniformity  in  testing 
methods  has  been  implicated  as  one  of  the  difficulties  in  comparing  results  between 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laboratories.    Concerns  also  arise  surrounding  the  validity  of  different  testing  methods 
when used for inappropriate testing systems, therefore potentially affecting results.   
Initial  determination  of  the  most  appropriate  antimicrobial  assays  requires 
identification of inherent factors in the test organism, the antimicrobial and the test assay 
or its components.  These factors should be identified and controlled if possible in order to 
reduce bias in results and allow for accurate interpretations to be made.  Factors that are a 
result  of  the  test  organism are  critical,  especially  the  inoculum  size  and  the  physiological 
state  of  the  organisms  growth.    Increasing  or  decreasing  the  number  of  organisms  in 
contact  with  the  antimicrobial  could  change  their  susceptibility  and  cause  variations  in 
results. Whether the cells are in the vegetative or stationary state is important because it is 
thought  that  growing  cells  are  more  susceptible  to  stresses  brought  about  by  the 
antimicrobial.  The pH, water activity and oxidation/reduction potential can also affect the 
growth of  the microorganisms or  alter  the  activity  of  the  antimicrobial  compound. When 
food  antimicrobials  are  tested,  pH  is  particularly  important,  as  it  has  been  shown  that 
activity is many times related to the amount of undissociated ion, thereby relating activity 
to pH. When conducting these assays, an  incubation temperature appropriate for the test 
organism  is  also  extremely  important.    This  is  necessary  to  eliminate  temperature  as  an 
external effect that could result in an increase or decrease in recovery of the test organism 
(Davidson and Parish, 1989). Additionally, the test assay that is chosen could impart a bias 
on  the  outcome  resulting  from  different  incubation  conditions,  variability  in  equipment 
measures, limitations of enumeration or detection and even errors in analysis (Vigil, et al., 
2005). 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Additional  factors  that  may  impact  the  antimicrobial  activity  of  a  test  compound 
include the choice of medium and solutions utilized in the tests.  One that imparts the least 
amount  of  stress  or  injury  to  the  tested  organism  is  important  in  an  effort  to  decrease 
external  issues  that may portray  a  false  degree of  antimicrobial  activity.    Cation‐adjusted 
Mueller Hinton (CAMH) media is a common media used in antimicrobial susceptibility tests 
involving  rapidly  growing  aerobic  bacteria  as well  as  facultative  anaerobic  bacteria  (Difco 
Laboratories, Mueller‐Hinton  II  (Cation‐Adjusted),  2003).    This medium, which  is  adjusted 
with calcium and magnesium ions and contains low levels of thymine and thymidine, is used 
to  produce  appropriate  minimum  inhibitory  concentrations  (MIC)  values  (CLSI  M7‐A7, 
2002).  CAMH can be used in broth microdilution assays for determination of MIC as well as 
in the qualitative disk diffusion susceptibility test.  Modifications of CAMH are necessary for 
testing of fastidious organisms and include the recommended addition of lysed horse blood 
for  evaluation  of  Streptococcus  pneumoniae.  Other  recommendations  for  the  testing  of 
specific  organisms  are  outlined  in  the CLSI  document, M7‐A7, Antimicrobial  Susceptibility 
Tests for Bacteria That Grow Aerobically. 
The preparation of  the  test compound needs  to be controlled and documented as 
well as the time that an organism is exposed to the antimicrobial.    If  this  time  is not held 
constant,  variations  in  susceptibility  are  likely  to  occur.    Once  the  time  of  exposure  has 
elapsed,  it  is  many  times  necessary  to  add  a  neutralizer  to  the  solution  in  order  to 
effectively  eliminate  carry  over  activity  of  the  antimicrobial  (Davidson  and  Parish,  1989).  
The ability  to  rapidly  impede  the activity of  the antimicrobial at  the  time of  sampling has 
been  known  to be essential  for  accurate  antimicrobial measurements.  Studies performed 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prior  to using quenching agents may have an over estimated antimicrobial activity due to 
the residual activity that remains after sampling. Therefore, identifying a suitable quenching 
agent  or  media  is  essential  to  avoid  inaccurate  results  when  analyzing  the  effects  of  an 
antimicrobial agent. A recent study by Johnston and others (2002) demonstrated the use of 
the Bioscreen C in effectively modeling the effects of various quenching agents, showing the 
effectiveness of this method for selecting the appropriate neutralizing compound. Another 
method to quench antimicrobial agents is through the use of specifically formulated media, 
one being Dey‐Engley (D/E) Neutralizing broth and agar. D/E media has shown the ability to 
neutralize  quaternary  ammonium  compounds,  iodine,  chlorine,  mercurials,  phenolics, 
glutaraldehyde and formaldehyde.   The antimicrobial solution can be added to this media 
upon  completion  of  the  exposure  period  to  immediately  eliminate  the  effects  of  the 
antimicrobial.  Components in the media that act as neutralizing compounds include sodium 
thioglycollate,  sodium  thiosulphate,  sodium  bisulphate,  soya  lecithin  and  polysorbate  80.  
Yeast extract, dextrose and peptone are nutrients in the media that function as source of B‐
vitamins,  an  energy  source  and  a  source  of  nitrogenous  compounds  and  essential  amino 
acids.   Bromcresol purple  is  added  to  the medium as a growth  indicator where growth  is 
represented  by  a  change  in  color  from  purple  to  yellow.  (Difco  Laboratories,  D/E 
Neutralizing Broth, 2003)  
Methods  for  evaluating  the  antimicrobial  activity  of  compounds  have  been  in 
continual  development  and  improvements  have  been  made  since  the  early  time  of 
disinfectant and antibiotic testing.  In the 1940’s, antimicrobial activity was tested in agar by 
measuring  the  extent  of microorganism  killing  around  a  well  or  paper  disk  to  which  the 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antimicrobial was applied.  Tests were concurrently developed for measuring the minimum 
inhibitory  concentration  (MIC)  in  both  an  agar  and  a  broth  system.    The  validity  and 
repeatability  of  these  studies  were  an  area  of  concern  such  that  in  1966 methods  for  a 
standardized disk susceptibility assay were proposed (Bauer, et al., 1966).  The Clinical and 
Laboratory Studies Institute (CLSI) publish similar standardized methods today in the United 
States  in  an  attempt  to  balance  views  and  testing  ideas  from  all  sectors  involved  in  the 
research and results of antimicrobial studies.    
Antimicrobial methods can be classified  into two categories based on the outcome 
measures that are generated during each assay.  Screening tests are performed to provide 
preliminary  information on  the  activity  of  each  compound.    These  screening  tests  can be 
further divided  into either  endpoint or  descriptive methods.    Endpoint  assays  expose  the 
microorganism  to  the  test  compound  for  a  predetermined  period  of  time  after  which 
qualitative data can be collected about the testing conditions, organism and antimicrobial 
evaluated.  In contrast, descriptive methods are able to monitor the growth of an organism 
over time in an effort to look at the quantitative information at multiple time points.   The 
second  group  of  antimicrobial  assays  are  the  applied  tests  where  the  effects  of  the 
antimicrobial  are  examined  in  the  actual  conditions  where  they  would  typically  be  used 
(Davidson and Parish, 1989; Vigil, et al., 2005). Here  the  interactions of natural microbes, 
food components and other  features  inherent  in the actual matrix can be evaluated as to 
their impact on the final antimicrobial activity.   
 86 
While there are a multitude of testing assays and factors to consider when choosing 
a  test,  standardization  and  reproducibility  are  imperative  when  attempting  to  compare 
results and determine antimicrobial activity.  
 
ENDPOINT SCREENING METHODS: The agar diffusion, also frequently termed disk diffusion, 
has  become  one  of  the most  commonly  used methods  for  antimicrobial  testing  since  its 
standardization  in  1966  (Murray  and  Jorgenson,  1981).    This  assay  includes  a  variety  of 
variations  and  typically  yields  qualitative  results.    In  a  standard  disk  diffusion  assay,  the 
antimicrobial  is applied to a paper disk that  is then placed on an agar plate that has been 
seeded with  the  test  organism.    The  plate  is  incubated  at  conditions  appropriate  for  the 
organism after which the clear zone around the disk is measured and taken as a measure of 
the  organisms’  susceptibility  to  the  antimicrobial.    This  assay  is  performed  using  non‐
selective agar plates that are inoculated with 106 CFU/ml by either spreading the organism 
over the hardened agar surface or adding the inocula to an agar overlay that is poured over 
an agar plate and allowed to harden.  Then the antimicrobial is added to a 6mm paper disk 
that  is placed on  the  inoculated plates. The plates are  incubated  for 16  to 24 hours after 
which the zones around the disk are measured and compared to control compounds that 
need to be  included  in each assay  (CLSI M2‐A9, 2002).   To ensure accuracy of  the results, 
the  agar  diffusion  assay  should  use  organisms  that  grow  quickly  as  well  as  in  a  uniform 
pattern in order to create a zone with defined edges. The zones of inhibition are a measure 
of the susceptibility of the organism to the antimicrobial and have been grouped according 
to  susceptibility.    An  organism with  a  zone  of  inhibition  of  <15  to  20mm  is  shown  to  be 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resistant to the antimicrobial, a zone of 20 to 30mm indicates a medium susceptibility and a 
zone of  >30mm shows a highly  susceptible organism  (Piddock,  1990).   While  these  levels 
have been established by some as a way to combine qualitative and quantitative measures, 
a high degree of standardization is needed. Additionally, the size of zones depends on the 
type of organism being tested as well as the diffusion rates of the compounds, which could 
make  defined  zones  for  determining  susceptibility  inappropriate  (Davidson  and  Parish, 
1989). Other  quantification methods  can  be  used  to measure  the  extent  of  antimicrobial 
activity where the zone of inhibitions can be statistically compared between treatments and 
controls.  
Although the disk diffusion assay has many advantages as a standard antimicrobial 
susceptibility  assay,  it  does  have  limitations.    The  inability  to  determine  susceptibility  in 
terms other than qualitative measures  limits the use for certain applications. Additionally, 
the disk diffusion assay  is only useful when  testing antimicrobials  that have  the ability  to 
diffuse from the disk through the agar base.   This assay is also only effective at evaluating 
the  antimicrobial  activity  of  fast  growing  organisms, which  limits  the  scope  of  organisms 
that can be tested using the disk diffusion assay.   
Another  set  of  tests  that  are  commonly  used  to  test  antimicrobial  susceptibility 
include both the agar and broth microdilution assays.  These tests have become one of the 
most commonly used methods to measure antimicrobial activity in a clinical setting where 
they  produce  quantitative  results  (Murray  and  Jorgensen,  1981).  In  both  tests,  the 
antimicrobial  compound  to be  tested  is  serially diluted and  then  subsequently  inoculated 
with  the microorganism,  typically  at  5  x  105  CFU/ml  in  the  broth  assay.    No  growth  or  a 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single  colony  of  growth  indicates  an  effective  antimicrobial  concentration  in  the  agar 
dilution test while the absence of turbidity is used as an appropriate negative test measure 
in  the  broth  assay.    These  tests  allow  for  numerical  determination  of  the  lowest 
concentrations  of  the  antimicrobial  capable  of  killing  the  organism  of  interest  at  the 
specified time point.  This concentration of antimicrobial that results in no growth is defined 
as the minimum inhibitory concentration (MIC).  
 
DESCRIPTIVE  SCREENING  METHODS:  While  endpoint  testing  methods  give  a  good 
indication of antimicrobial activity at defined time points, they are unable to measure their 
effect on the continuous growth of microorganisms.  The turbidimetric assay is a simple test 
that follows the growth of an organism over time using optical density measurements.  The 
effect  of  an  antimicrobial  on  the  lag  phase  and  growth  curve  of  a  microorganism  is 
important  and  gives  further  information  about  the  overall  susceptibility  to  the 
antimicrobial.    A  new  method  based  on  the  traditional  turbidimetry  principles  was 
explained by Lambert, et al.  (1998)  for  the screening of disinfectants. They demonstrated 
the  effectiveness  of  using  the  Bioscreen  Microbiological  Growth  Analyzer  (Lab  systems 
Corporation,  Helsinki,  Finland)  as  an  automated  method  for  efficiently  screening  a  large 
number of compounds.  The Bioscreen is a self contained incubation and analysis unit that 
allows  for  optical  density  measurements  to  be  taken  at  specified  time  intervals  over  a 
period of hours to days.  There is also the ability to set the Bioscreen to shake the samples 
prior  to  reading,  thereby  decreases  variations  due  to  sample  settling  between  readings.  
Additional studies have also showed the utility of using the Bioscreen for analysis of a wide 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range of antimicrobials and antibiotics.   An early study by Lowdin and others  (1993) used 
the Bioscreen to determine the effects of sub inhibitory concentrations of antibiotics on the 
growth of bacteria.  Although they found that different definitions of activity were needed 
when using the Bioscreen compared to traditional plate counts, they both resulted in similar 
conclusions  regarding  the  effect  of  sub  inhibitory  antibiotic  levels.    This  further 
demonstrated  the effectiveness of  this  rapid method.    Studies have  continued  to use  the 
Bioscreen  for a variety of applications,  including  to measure spore germination  (Plowman 
and Peck, 2002), the activity of natural antimicrobial compounds (Olasupo, et al., 2003) as 
well as to model disinfectant curves (Lambert et al., 2000; Lambert, et al., 2001).   
This automated system has been shown to be an effective measure of antimicrobial 
effects on microorganism with both injured and dead cells being considered.  The Bioscreen 
allows for the optical density measurement output to be analyzed, many times being used 
to  define  the minimum  inhibitory  concentration  (MIC)  of  the  antimicrobial  being  tested.  
The MIC  is  typically  defined  as  the  lowest  concentration  that  results  in  the  inhibition  of 
growth after 24 hours (Branen and Davidson, 2004; Lambert, 2000; Lambert and Pearson, 
2000). Here, this can be taken as the concentration that results in a complete inhibition of 
growth, indicated by an optical density increase of ≤ 0.05 from the beginning to the end of 
the  incubation  period  (Branen  and  Davidson,  2004).    Additionally,  the  growth  curve 
constructed from the Bioscreen data can be further subdivided into three distinct regions, 
thereby  allowing  for  further  evaluation  of  the  compounds  being  tested.    The  first  region 
refers to the region where the antimicrobial compound has no effect on growth followed by 
a  region of  increasing growth  inhibition and  finally a  region where  there  is no growth, all 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relative  to  the  control.    Another  term  commonly  referred  to  as  the  non‐inhibitory 
concentration (NIC),  the concentration at which the antimicrobial begins to affect growth, 
can also be determined from Bioscreen data (Lambert, 2000; Lambert and Pearson, 2000).  
The MIC measured by the traditional antimicrobial tests where samples are removed 
at  a  specific  time,  quenched  and  evaluated  by  plating  will  include  both  injured  and 
uninjured cells.   This  is the result of the incubation time allowing even the injured cells to 
grow.  While these injured cells typically grow up to produce smaller colonies compared to 
the uninjured cells, the distinction when collecting data is hard to make.  Therefore, a plate 
count following the application of an antimicrobial will be unable to distinguish injured and 
uninjured cells.  However, a test using the Bioscreen will produce results that include dead, 
injured and uninjured cells and will contain information about all three cell states in the one 
assay (Lambert et al., 1998; Lambert, 2001).   
Comparisons  into  the differences between  this  automated method and  traditional 
plating techniques has continued to generate debate based on these same issues of injured 
cell populations and how they are evaluated in both assays.  A further study into this issue 
by  Lambert  and  van  der  Ouderaa  (1999)  sought  to  test  the  hypothesis  of  cell  injury  not 
being evaluated in the Bioscreen assay to the same extent as with traditional plate counts.  
The  injured  cells  may  not  be  able  to  divide  and  affect  turbidity  when  compared  to  the 
healthy  cells,  however  the  issue  of  being  able  to  distinguish  these  injured  and  uninjured 
cells using plating methods still remains. Here, Lambert developed mathematical models to 
represent  the  rate  determining  step  and  the  ability  of  the  Bioscreen  to  describe  lags 
(Lambert, et al., 1998).  In some cases, the Bioscreen may overestimate the log reduction of 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a disinfectant due to injured cells, however plating methods may also be unable to measure 
these cells if they are not visible for counting.   
One major limitation of using optical density as an indication of growth relates to the 
level of microorganisms that can be detected.   Typically, cell concentration needs to be at 
levels of 106 to 107 CFU/ml in order for detection to result.  This limits the information that 
can  be  obtained  with  this  assay  as  lower  cell  numbers  could  be  present  but  would  be 
missed if solely relying on turbidimetry (Davidson and Parish, 1989).  
Limitations  in  the  detection  limit  with  turbidimetry  data  can  be  overcome  or 
supplemented with kinetic based assays.  In these tests, the microorganism is exposed to a 
known antimicrobial concentration from which samples are taken periodically and observed 
for growth and survival.  Typically, time point samples are plated, incubated at appropriate 
conditions and subsequently measured for their ability to survive and grow in response to 
the antimicrobial. Different killing curve outcomes can be observed, including an increase in 
lag time, an overall decrease in the growth rate, a general decrease in growth levels and a 
lethal effect. Davidson and Parish (1989) suggested that the time killing curves are the only 
assays  that  are  able  to  effectively  demonstrate  a  lethal  effect,  which  is  evidenced  by 
lethality to all but a small number of the exposed microorganism.   
The  surviving  bacterial  populations  at  each  time  interval  are  a  measure  of  the 
effectiveness  of  the  antimicrobial  at  reducing  the  test  organism.    However,  a method  to 
compare  these  values  to  those  of  the  control  is  sometimes  necessary  for  effective 
evaluation.   The kinetics can be expressed  in terms of decimal reduction times (D‐values), 
which  is  the  time  interval  necessary  to  result  in  a  1‐  log10  (90%)  reduction  in  the  initial 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bacterial population under the defined testing conditions (Kennedy, et al., 2005; Mazzola, et 
al., 2003).  The D‐value for a given set of experimental conditions is the inverse slope plot of 
the log10 of the surviving cells against time.   
A  drawback  to  kinetic  studies  includes  the  time and  supplies  needed  to plate  and 
grow  all  the  samples,  especially  if  a  large  number  of  antimicrobials, microorganisms  and 
antimicrobial  concentrations  need  to  be  tested.    One  solution  to  this  problem  utilizes  a 
simplified agar plating system in order to quantify the number of viable bacteria present in 
a  sample.    This  “track  dilution”  technique  first  described  by  Jett,  et  al.,  in  1997  used  a 
modified agar plating method  that allowed  for multiple dilutions  to be plated on a  single 
agar plate.  Here, six serial dilutions of a given sample (10µl) can be plated onto one plate, 
thereby reducing the time and supplies needed to enumerate multiple samples.  The basis 
of the track plating method allows for the six samples to be spotted on hardened agar in a 
square Petri plate and allowed to track down the surface in parallel. While this method has 
many advantages compared to the tradition spread‐plating enumeration assay, it does have 
a detection limit of greater than 100 CFU/ml compared to 10 CFU/ml using the spread‐plate 
technique.    This decrease  in  sensitivity needs  to be kept  in mind when presenting  results 
and  is  typically  only  important  when  low  numbers  of  microorganisms  are  expected.  
Enumeration and reproducibility using track plating has been shown to correlate well with 
results  using  the  common  spread‐plate  method.  This  indicated  its  potential  use  as  an 
alternative  to  the more  labor  intensive  and  supply  demanding  spread  plate methods  for 
certain antimicrobial tests. 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COMBINATION ASSAYS: Although the  information obtained from the activity of  individual 
antimicrobials  against  target  microorganisms  is  essential,  combination  microbicides  that 
have  the  possibility  of  inactivating  pathogens  quicker  and  at  lower  concentrations  have 
become a central focus of current research.  The use of a combination of antimicrobials has 
proven successful  in the development of effective antimicrobial drugs and products  in the 
pharmaceutical industry and is currently being utilized in the food industry as one method 
for increased food preservation (Davidson and Parish, 1989; Leistner and Gould, 2005).  It is 
thought that using a combination of antimicrobials in a formulation would typically provide 
a greater activity or range of action against the target organisms.  This could occur through 
the  different  antimicrobials  having  action  against  various  types,  strains  or  metabolic 
processes of microflora that are present in a food matrix or in a medical system (Vigil, et al., 
2005).    These  studies  evaluating  combinations  of  antimicrobials  can  be  defined  by  three 
specific  types  of  interactions  that  may  occur.    These  interactions  include  “additive,” 
“antagonistic,”  and  “synergistic”  effects  and  are  interpreted  through  evaluation methods 
based on  individual activity  levels compared to those when the antimicrobials are used  in 
combination.    An  additive  effect  is  observed  when  two  antimicrobials  that  are  used  in 
combination result in corresponding levels of activity that are equivalent to the sum of the 
two  activity  levels  when  used  separately.  The  activity  of  one  antimicrobial  is  neither 
increased nor decreased by the addition of another antimicrobial compound thus creating a 
condition  of  indifference  (Chait,  et  al.,  2007;  Davidson  and  Parish,  1989;  Krogstand  and 
Moellering,  1986;  Vigil,  et  al.,  2005).    Synergism  is  a  second  type  of  interaction  that  is 
commonly misrepresented  in  systems where  the effects are actually  truly  represented by 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additive  interactions.    A  synergistic  relationship  between  compounds  occurs  when  the 
combined impact of the antimicrobials, when used together, is greater than the activity of 
each individual compound alone (Davidson and Parish, 1989; Vigil et al., 2005).  Care needs 
to be taken when regarding an interaction as synergistic and needs to include reference to 
both the individual and combined activities of the antimicrobials.  Both need to be reported 
and  analyzed  to  determine  if  an  overall  increase  and  synergistic  relationship  is  actually 
being  observed.  The  third  type  of  interaction  that  can  occur  between  compound 
combinations is one of antagonism where the activity of a system is significantly reduced in 
the presence of two antimicrobials as compared to the additive response of the individual 
compounds.    This  can  be  observed  when  the  presence  of  one  antimicrobial  causes  a 
decrease in the overall activity when used in combination with another antimicrobial. 
In  an  effort  to  evaluate  the  type  of  interaction  observed  with  combinations  of 
compounds,  the  fractional  inhibitory concentration  (FIC) can be calculated.   The FIC  index 
gives an  interaction coefficient  that  indicates whether  the combination tested exhibited a 
synergistic, additive or antagonistic  interaction.   For two compounds used in combination, 
the FIC  index, and  therefore  the  type of  interaction,  is  taken as  the sum of  the  individual 
FICs using the following formula: 
 
FICX = MIC of combination / MIC of X alone 
FICY = MIC of combination / MIC of Y alone 
FIC = FICX + FICY 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A FIC coefficient of ≤ 0.5 is defining of a synergistic interaction while a FIC of > 4 indicates an 
antagonistic  interaction.    A  FIC  that  falls  in  the  range  of  0.5  to  4  points  to  the  two 
compounds  having  an  additive  antimicrobial  effect  or  alternately  termed  an  indifferent 
association (Branen and Davidson, 2004; Pankey and Ashcraft, 2005).  The determination of 
each compounds individual MICs against the tested organisms allows for this FIC index to be 
calculated  and  provides  a  method  to  accurately  classify  the  type  of  interaction  that  is 
occurring  within  the  different  systems.    In  some  instances,  a  compound  used  as  an 
enhancer does not have a bacteriostatic or bactericidal effect against the organisms tested, 
therefore  resulting  in  the  inability  to  use  the  FIC  index  as  a  measure  of  the  type  of 
interaction.   
 
FLUORESCENCE:  In  addition  to  determining  the  antimicrobial  activity  using  traditional 
plating  and  broth  methods,  further  information  can  be  gained  using  the  principles  of 
fluorescence.    Here,  a  particular  fluorophore  is  used  as  the  basis  of  the  assay  with  the 
measured fluorescence being the result of light exposure exciting the electrons to a state of 
higher  energy.    Once  this  higher  energy  state  is  reached  and  the molecule  has  absorbed 
energy, it begins to release this excess energy and transition to lower excited energy levels.  
As this energy dissipation occurs and the molecule returns to the ground state, fluorescence 
is emitted.  The wavelengths of the fluorescent molecules retain a lower energy state, thus 
a higher wavelength,  than the absorbed  light, allowing for separation of  the wavelengths.  
This property is known as the Stokes shift and allows for multiple fluorescent molecules to 
be  evaluated  simultaneously  due  to  the  differential  separation  of  the wavelengths  (Vale‐
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Silva  and  Buchta,  2006).  The  fluorescent  signals  can  be  measured  or  quantified  by 
fluorescent  microscopy,  spectroscopy  or  flow  cytometry.    The  fluorescent  respiratory 
substrate  5‐cyano‐2,3‐ditolyl  tetrazolium  chloride  (CTC)  can  be  used  as  an  indicator  of 
cellular  respiration with direct microscopic evaluation.   When  in  the presence of electron 
transport chain activity, CTC is reduced to its insoluble fluorescent formazan that is able to 
accumulate  in  the  cell  interior.    This  difference  in  the  redox  states  of  CTC  allows  for 
visualization  of  cellular  metabolic  activity  as  the  oxidized  form  remains  nonfluorescent 
compared to the reduced compound. Recent studies have shown that respiring bacteria are 
able  to  effectively  reduce  CTC  to  its  insoluble  form,  thereby  extending  its  use  in  these 
systems (Iturriaga, et al., 2001; Matsuyama, 1984; Rodriguez, et al., 1992). A counter stain 
with  the  DNA  binding  fluorochrome  4’,6‐diamidino‐2‐phenylindole  (DAPI)  allows  for  a 
measure of both viable and respiring cells in a single sample.  Measurements can either be 
taken  by  direct  microscopy  or  flow  cytometry.  However,  CTC  has  been  shown  to  be 
inhibited by cyanide and other transport inhibitors, which makes it most reliable for use in 
aerobic or microaerophilic systems (Stellmach, 1984; Stellmach and Severin, 1987).  
Evaluation of outer membrane damage can also be measured by taking advantage of 
fluorescent properties of various fluorophors.  Permeability of the outer membrane can be 
evaluated  using  the  normally  impermeable  1‐N‐phenylnapthylamine  (NPN).  Membrane 
damage allows for the uptake of the hydrophobic NPN into the cell  interior resulting in an 
increase  in  fluorescence.   This assay has  recently been used to measure outer membrane 
damage  of  defensin  antimicrobial  peptides  (Sugiarto  and  Yu,  2007),  demonstrating  its 
usefulness as a method of evaluating potential mode of actions. 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FLOW CYTOMETRY: Flow cytometry is another powerful technique that is a rapid analytical 
method where single cells can be measured as they pass individually by a laser beam. Here, 
single  cells  can  simultaneously  be  characterized  from  an  entire  cell  population  based  on 
properties  of  the  detector,  light  scatter  and  fluorescence.  Flow  cytometers  sort  cells  and 
measure a number of parameters based on  light  scatter and  fluorescence.   The scattered 
light,  collected  in  two  directions,  can  be  used  to  collect  different  information  on  the  cell 
population.   The  forward scatter  is  light collected  in  the same direction as  the  initial  light 
and can be used as a measure of cell size while side scatter is light collected at a 90 degree 
angle and gives a representation of the complexity of the cells.    Different fluorophors can 
be used  in conjunction with  flow cytometry to stain the cell population depending on the 
analysis  that  is desired.   There are many  factors  that need to be  taken  into consideration 
when choosing a flurochrome,  including the fluorescent  intensity, autofluorescence of the 
cells,  and  the  interaction  of  the  fluorophor with  the  cells  of  interest.    Certain  fluorophor 
interactions  with  cellular  components  can  result  in  an  increase  in  fluorescent  intensity, 
while others require enzymatic activation or specific physiological conditions to be present 
before the quantum fluorescent yield is increased (Vale‐Silva and Buchta, 2006).  Therefore, 
depending on  the  type of  study being conducted, a wide variety of  fluorescent molecules 
are available and need to be chosen properly.  
Flow cytometry has  traditionally been used to measure effects on eukaryotic cells, 
however continual advancements have made it possible to study smaller cells, highlighting 
its  potential  use  in  microbiological  studies.  The  range  of  applications  for  using  flow 
cytometry in microbiology are many and can range from identification, quantification, and 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discrimination,  to  measuring  the  viability  of  cells,  their  physiological  states  and 
antimicrobial  susceptibility  (Vale‐Silva  and  Buchta,  2006).  As  a  result,  flow  cytometry  has 
been shown  to be a  rapid and effective method of evaluating antimicrobial  susceptibility, 
both  in  bacterial  and  fungal  species  (Gauthier,  et  al.,  2002;  Vale‐Silva  and Buchta,  2006).  
This highlights the variety of applications in which flow cytometry may be appropriate as a 
rapid  analytical  method  used  in  conjugation  with  or  as  an  alternative  to  conventional 
methods.   
 
MICROSCOPY: The ability  to  visualize  the effects of  different  antimicrobial  treatments on 
microbial  cells  is  beneficial  and  can  provide  insightful  characterization  into  the  results.  
Using these microspectroscopy‐based methods can provide information on macromolecular 
structure  on  both  the  whole  cell  or  smaller  subscale  level  depending  on  the  desired 
endpoint.  Many of these techniques can be done with minimal ample preparation, which is 
an advantage when wanting to verify activity or the impact of a treatment on cell viability.  
While there are two major type of microscopy, the light and electron, both are commonly 
used in microbiology analysis with each having their own advantages.   
The  light  microscopy  is  one  of  the  most  commonly  used  instruments  in 
microbiological analysis as it can be used to establish cell morphology, structures and their 
arrangements (Lim, 2003).  Light microscopes use light as their illumination source and can 
include  fluorescence,  bright‐field,  dark‐field  and  phase  contrast microscopy.    Fluorescent 
microscopes  can  take  advantage  of  staining  the  cells  with  fluorescent  dyes  as  described 
earlier to visualize, detect or identify specific bacteria in a sample.  They can also be used to 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determine  cell  viability  based  on  the  use  of  fluorescent  respiratory  substrates  such  as  5‐
cyano‐2,3‐ditolyl tetrazolium chloride (CTC) or using a live/dead stain that uses an assay of 
two different fluorescent colors to distinguish between live and dead bacteria in a sample.  
Another variation to the standard use of light or fluorescence in microbial analysis is 
the use of a dark filed background.  This type of image analysis is advantageous when high 
contrast is necessary as in this case the specimen appears light against the dark background.  
The CytoViva  (CytoViva,  Inc, Auburn, AL)  is  a microscope attachment  that  allows  for  an 
enhanced dark field illumination based on resonant light scattering. This instrument allows 
for the observation of materials and microorganisms over a wide size range, including those 
on  the  nanoscale.  This  system  is  capable  of  being  used  in  conjunction with  a  dual mode 
fluorescence module thereby allowing for both fluorescent and non‐fluorescent samples to 
be  visualized  concurrently.  There  is  also  now  the  capability  for  attachment  of  a 
hyperspectral imaging spectrophotometer to the standard CytoViva, which while operating 
across both the visible and near infrared range can analyze the spectral features in a field of 
view.   
Alternatively,  electron microscopes  use  electron  beams  to  produce  an  image  and 
they  include  both  transmission  electron  microscopes  (TEM)  and  scanning  electron 
microscopes  (SEM).    This  type  of microscopy  can  be  used  to  overcome one of  the major 
disadvantages of  light microscopes being  the size visualization  limit of 0.2µm (Lim, 2003).  
Electron  microscopes  have  the  ability  to  observe  specimens  with  resolution  down  to 
0.001µm with the additional capability to magnify at 100,000 or higher, a 100‐fold increase 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over light microscope techniques.  The specimens for TEM are typically fixed and embedded 
in a supporting resin where they are thinly sliced prior to imaging. This sample preparation 
allows for a detailed examination into the surface or intercellular structure of the cells.   On 
the  other  hand,  SEM  is  used  mainly  for  surface  observations  where  the  scattering  of 
electrons produces a three dimensional image.   
 
MODEL SYSTEMS: While many of these antimicrobial interactions can be observed in vitro, 
performing individual antimicrobial or combinatorial studies in food systems adds additional 
factors  that many contribute  to  results different  from those previously  seen.    Foods have 
many  interacting  factors  that  can  either  facilitate  or  inhibit  the  activity  of  certain 
antimicrobials  under  varying  conditions.    The  endpoint  and  descriptive  tests  are  typically 
performed  first  as  they  allow  for  screening  of  a  large  number  of  antimicrobials.    This 
screening  tends  to  be  rapid  and  allows  for  the most  effective  compounds  to  be  selected 
prior  to  testing  them  in  the more  elaborate  and  time‐consuming model  systems.    Initial 
screening  methods  are  also  usually  performed  in  an  effort  to  establish  effective 
concentrations at which the antimicrobials can be applied to the model system.  
The testing of an antimicrobial in the actual food or in a model system is important 
to be able to accurately access how interactions with the food matrix impact overall activity.  
It  has  been  shown  that  various  components  in  foods,  including  proteins,  lipids  and  even 
divalent  cations,  can  influence  effectiveness  of  an  antimicrobial.    Proteins  can  bind  to 
certain  compounds  thereby  decreasing  their  activity  while  lipids  may  cause  lipophilic 
compounds  to  be  less  effective  (Rico‐Munoz  and  Davidson,  1983).    Additionally,  the 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presence of divalent cations can interact with antimicrobial compounds causing differences 
in antimicrobial activity in the presence of Ca2+ and Mg2+ (Rico‐Munoz and Davidson, 1984).  
Utilizing the information gained from screening assays and incorporating it into food system 
tests  allows  for  a  greater  range  of  knowledge  to  be  gained  about  antimicrobial 
effectiveness.   This becomes  important as  the goal of using the antimicrobial  is  to have  it 
retain its activity when introduced into the actual food matrix. 
 
INTERPRETATION  OF  RESULTS:  Once  the  appropriate  testing  methods  are  selected  and 
performed, the analysis of the data and explanation of the results in an appropriate context 
is critical.  The type of data that is gained from different methods needs to be kept in mind 
when  trying  to  draw  conclusions  about  the  effectiveness  of  the  antimicrobial  being 
evaluated.    There are a multitude of  factors  that  can affect  the  results of  an experiment, 
which  highlights  the  necessity  of  describing  all  parts  of  the  method  used  or  of  the 
importance  of  following  standardized  procedures.  Yet,  while  the  methods  to  evaluate 
antimicrobial  activity  are  varied  and  have  to  this  point  not  reached  the  desired  level  of 
uniformity and standardization, much constructive advancement have been made. 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Abstract 
We  surveyed  a  panel  of  13  metal  nanoparticle  (NP)  catalysts  for  their  antifungal 
activities  against  Candida  albicans  ATCC  90028.  Initial  characterization  using  SEM 
suggested  that  our  ability  to  detect NP binding  to Candida  surfaces with  this method 
was  impeded  by  preparation  artifacts.  As  an  alternative  method  for  visualizing  NP 
binding, we used an enhanced dark field illumination system (CytoViva®) attached to a 
standard  light microscope. When  viewed  using  this  system,  all  NPs  produced  intense 
optical  signals due to resonant  light scattering. To assay binding, NPs were allowed to 
interact with C. albicans hyphae and cells  in  spent RPMI broth  for 15 min with gentle 
inversion, followed by viewing with the CytoViva® system. The antifungal efficacy of NP 
preparations  was  determined  separately  using  a  24‐h  broth  microdilution  test.  For 
single‐metal NPs, observations of binding at 15 min made via CytoViva® corresponded 
to antifungal efficacy at 24 h, with the most antifungal NPs yielding complete coverage 
of hyphal surfaces. Our work suggests the utility of visual screening using the CytoViva® 
system  for  rapid,  simple and artifact‐free viewing of NP‐cell  interactions  in  support of 
antimicrobial  screening  efforts.  This  approach  provides  a  quick  and  accessible 
alternative to SEM for imaging of NP‐cell interactions. 
 
1 Introduction 
Certain metals,  including  copper  and  silver,  have  long  been  known  to  possess  broad‐
spectrum antimicrobial activities  in  ionic or macrometallic forms [1, 2, 3]. Recent work 
has also  focused on the antimicrobial efficacy of  these metals  in nanoparticulate  form 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[4]. Due  to  the  rapid growth of  the nanotech  sector over  the past  few years,  there  is 
now a ready commercial supply of  “off‐the‐shelf” nanomaterials produced or marketed 
for  use  in  fields  as  diverse  as  consumer  electronics,  alternative  energy  production, 
optics  and national  defense  [5]. We undertook  this  study  to examine  the potential  of 
some  commercially  available  metal  nanoparticle  (NP)  catalysts  as  novel  antifungal 
agents, using Candida albicans as a model organism. We theorized that if new types of 
antifungally  effective  NPs  could  be  identified,  and  if  potential  issues  of  undesirable 
migration or toxic off‐target effects could be minimized, these NPs might have valuable 
applications  as  components  of  antifungal  materials  or  surfaces,  or  in  therapeutic 
applications,  either  alone  or  in  synergistic  combination  with  additional  agents.  The 
greatest  focus of published work on NPs as antimicrobials has been on metals such as 
silver,  gold  and  copper.  However,  NP  catalysts  comprised  of  other  metals  are 
commercially  available,  including  some  that  have not  yet  been examined  in  detail  for 
their  antimicrobial  effects.  Apart  from  single‐metal  NPs,  these  include  novel  metal 
alloys.  
  Silver NPs have been shown to exert biological effects on E. coli that are similar 
to  those  of  ionic  silver,  but  that  occur  at  much  lower  (nanomolar  vs.  micromolar) 
concentrations [6]. These effects include collapse of membrane potential and depletion 
of ATP  [6].  For C.  albicans,  treatment with  silver NPs  leads  to perturbation of  normal 
membrane  function  and  cell  cycle  arrest  [7].  Potential  mechanisms  underlying  these 
antimicrobial effects could  include direct complexation of NPs with and  inactivation of 
critical cell components such as the enzymes forming the respiratory chain or other key 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macromolecules  (DNA,  certain  proteins,  etc.)  [6].  Indirect  “proximity”  effects  are  also 
possible.  Examples  include  catalytic  activities  such  as  generation  of  reactive  oxygen 
species [4], localized release of toxic metal ions, or disruption of the electron transport 
chain  through  binding  of  these  dense  sources  of  free  electrons  at  or  near  the 
membrane.    Regardless  of  the  mechanism,  direct  physical  contact  of  silver  or  other 
metal NPs with cell surfaces is expected to be important in mediating their antimicrobial 
activities.  Methods  for  direct  observation  of  NP  interactions  with  microbial  surfaces 
could  help  establish  such  binding‐activity  linkages.  This  report  summarizes  our 
investigation of the antifungal effects of these 13 metal NP catalysts, our initial attempts 
at detecting and characterizing NP binding via SEM, and our subsequent exploration of 
enhanced  dark  field  microscopy  for  detecting  NP‐fungal  interactions  as  a  potential 
alternative means for rapid estimation of NP antifungal efficacy. 
 
2 Materials and methods 
2.1  Nanoparticles:  Seven  single‐metal  NPs  (cobalt,  copper,  silver,  nickel,  manganese, 
palladium,  iron)  and  six  alloy  NPs  (cobalt/nickel/manganese,  cobalt/iron, 
copper/indium,  copper/silver,  manganese/iron,  nickel/iron)  were  examined.  For  alloy 
NPs,  individual  metals  were  present  in  ratios  of  1:1  (bimetallic  alloys)  or  1:1:1 
(trimetallic  alloy).  These  NPs,  sold  commercially  as  catalysts  for  alternative  energy 
applications,  were  produced  by  vapor  condensation  in  an  inert  gas  atmosphere.  NPs 
were  received  as  uniform  black  powders  from QuantumSphere,  Inc.  (Santa  Ana,  CA). 
Stock  suspensions  (5%  w/vol)  of  all  nanoparticles  were  made  in  dimethylformamide 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(DMF),  which  was  determined  through  initial  investigation  to  facilitate  their  even 
suspension in aqueous media. 
 
2.2 Fungal culture: Candida albicans ATCC 90028 was grown overnight at 35°C in RPMI 
1640 broth (Sigma‐Aldrich, St. Louis, MO) according to CLSI guidelines (M27‐A).  
 
2.3  Determination  of  minimum  inhibitory  concentration:  The  minimum  inhibitory 
concentration (MIC) was determined against C. albicans for each type of metal NP using 
a  broth  microdilution  assay.  These  tests  were  performed  using  a  Bioscreen  C 
Microbiological Reader (Growth Curves, USA, Piscawatay, NJ) according to the method 
of  Lambert  et  al.  [8].  Briefly,  serial  half‐fold  dilutions  of  NPs  in  DMF  were  made 
horizontally across microtiter plates into RPMI‐1640, yielding NP concentrations ranging 
from 2,000 to 7.81 µg/ml (or parts per million, ppm). For the most active NPs, additional 
dilutions were included as needed. DMF‐only treatments were also included to control 
for possible antifungal effects of this solvent. C. albicans cultures were added at a final 
inoculum of 105 CFU/well, and plates were incubated in the Bioscreen at 35ºC for 24 h, 
with shaking for 60 seconds prior to each reading in order to resuspend settled particles. 
The plate reader measured the optical density (600 nm) of all wells, at 15 min intervals.  
For  each  type of NP,  the minimum  inhibitory  concentration  (MIC) was  defined  as  the 
lowest concentration of NP that completely inhibited growth (OD increase ≤ 0.05) after 
24 hrs [9]. 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2.4  Nanoparticle  binding  conditions: Overnight  cultures  of  C.  albicans  (a  mixture  of 
hyphae  and  yeast  cells)  were  suspended  in  fresh  RPMI  broth  to  yield  a  final 
concentration  of  107  CFU/ml.  NPs  were  added  to  these  suspensions  at  a  single 
concentration of 250 ppm, and cell‐NP mixtures were incubated for 15 min with gentle 
inversion  on  a  Sarmix GM1  rotating mixer  (Sarstedt,  Inc.,  Newton, NC).  Large‐particle 
aggregates,  if  present,  were  allowed  to  settle  out  for  5  min,  and  hyphae  or  cells 
remaining  in  the  supernatant  were  examined  via  SEM  or  dark  field  microscopy  as 
described below. 
 
2.5  Scanning  Electron  Microscopy  (SEM):  For  SEM,  cell‐NP  mixtures  were  made  as 
described  above  and  then  fixed  for  15  min  at  25ºC  with  the  addition  of  EM‐grade 
glutaraldehyde  (2.5%  final  concentration,  Sigma‐Aldrich),  followed  by  resuspension  in 
phosphate  buffered  saline  (PBS).  Samples  were  shipped  in  PBS  to  the  University  of 
Iowa’s  Central Microscopy  Research  Facility  (Iowa  City,  IA)  for  additional  preparation 
prior to SEM.   Briefly, a drop of the fixed sample was applied to a poly‐L‐lysine‐treated 
silicon  chip,  allowed  to  adhere  for  5 min,  then  fixed  further  in  1% osmium  tetroxide, 
followed  by  dehydration  in  an  ethanol  series,  sputter  coated  and  viewed  via  SEM 
(Hitachi S‐3400N). 
 
2.6  Enhanced  dark  field  illumination  system: Metal  nanoparticles were  visualized  via 
their  resonant  light  scattering  using  an  enhanced  dark  field  (EDF)  illumination  system 
(CytoViva,  Inc,  Auburn,  AL)  attached  to  a  Nikon  Optiphot‐2  microscope.  The  system 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consisted of a CytoViva 150 dark  field  condenser  in place of  the microscope’s original 
condenser,  attached  via  a  fiber  optic  light  guide  to  a  Solarc  24W  metal  halide  light 
source  (Welch Allyn, Skaneateles Falls, NY). Also  integral  to  the system was a 100X oil 
objective with an iris (Olympus UPlanAPO fluorite, N.A. 1.35 – 0.55). A drop of the NP‐
reacted cell suspension was added to poly‐L‐lysine coated microscope slides (Superfrost 
Plus,  Fisher  Scientific,  Pittsburgh, PA)  and  samples were  viewed as wet mounts, using 
Type A (nd > 1.515) immersion oil.  In some experiments, NP‐reacted suspensions of C. 
albicans  were  also  examined  using  standard  light  or  fluorescence  microscopy  (Leitz 
LaborLux S) for comparison with EDFM. 
 
2.7  Digital  photography  and  image  processing:  Digital  images  were  taken  using  a 
consumer‐grade  digital  camera  (Canon  PowerShot  A640)  controlled  by  Axiovision 
software (v. 4.6, Carl Zeiss Microimaging, Inc., Thornwood, N.Y.). In some experiments, 
we  examined  the  use  of  a  polarizer/analyzer  filter  set  in  an  effort  to minimize  image 
”fuzziness” due to scattered light. Briefly, a polarizer filter was placed at the junction of 
the  light  guide  and  the  condenser,  and  an  analyzer  (25.4  mm  linear  glass  polarizing 
filter, Edmund Optics, Inc., Barrington, NJ) was placed in front of the camera lens, inside 
the  photo  tube.  Post‐capture  image  processing  was  also  applied  to  some  files. 
Specifically, we used  the  “2D Blind  Interactive” deconvolution  setting of AutoQuant  X 
software (v. 2.0, Media Cybernetics, Inc., Bethesda, MD), with 50 iterations. 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3 Results and discussion 
In  the  initial  phase  of  this  work,  we  examined  a  series  of  13  commercially  available 
metal  NP  catalysts,  including  single‐metal  and  bi‐  or  tri‐metallic  alloy  NPs,  for  their 
antifungal  activities  against  Candida  albicans  using  a  broth  microdilution  assay.  We 
found a diverse range in activities for these materials. For single‐metal NPs the hierarchy 
of  activity was  found  to be: Co  (most effective) > Cu > Ag > Ni  > Mn = Pd >  Fe  (least 
effective). For alloy NPs, it was: Co‐Ni‐Mn (most effective) > Co‐Fe > Cu‐Ag = Cu‐In > Mn‐
Fe  =  Ni‐Fe  (least  effective).  We  had  previously  determined  for  silver  and  other 
antibacterial  NPs  that  physical  agitation  (shaking)  of  NP‐treated  bacterial  cultures 
results  in  faster  kinetics  of  inactivation  than  exposure  to  these  NPs  under  static 
conditions  (Weinkauf  and  Brehm‐Stecher,  unpublished  results).  Because  only  modest 
agitation resulted in greatly increased kill rates, and because the NPs are expected to be 
too small to cause direct impact damage to cells, these effects were presumed to stem 
from increased NP‐cell interactions brought about by shaking. These results suggest that 
for any type of NP, direct and sustained physical contact with cell surfaces  is probably 
required  for  maximal  antimicrobial  effects.  Because  the  NPs  in  our  panel  were 
chemically  different  from  each  other  (comprised  of  different  elements  or  elemental 
mixtures), we expected that they might also have different surface properties, such as 
the presence or absence of an oxide layer, that might affect their interactions with and 
binding to C. albicans hyphae and cells. We hypothesized that those NPs which bound 
most avidly to C. albicans surfaces would also be the most antifungal. 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Initially,  we  sought  to  demonstrate  and  characterize  NP‐Candida  interactions 
using  SEM,  so  that  we  could  compare  these  binding  results  with  our  culture‐based 
antifungal data as a test of our hypothesis. Our results  for the cobalt NPs agreed with 
our expectations for binding vs. activity relationships – MIC results indicated that these 
NPs were  potently  antifungal  (MIC  of  0.24  ppm),  and  their  interactions with Candida 
surfaces, as determined by SEM, were marked by aggressive coating and encrustation of 
hyphae and cells (Fig. 1, panels B and D). However, our results for the copper NPs were 
unexpected  ‐  although  these NPs were  highly  antifungal  (MIC  of  15.63  ppm),  hyphae 
and cells treated with these NPs (Fig. 1, panel C) did not look appreciably different from 
the no‐NP controls  (Fig.  1, panel A),  as  viewed using SEM. Preparation of  samples  for 
SEM is a multi‐step process involving exposure to multiple chemicals (aldehyde fixatives, 
osmium tetroxide, ethanol, etc.) and no fewer than seven rinse steps. We had expected 
that  treatment  with  cross‐linking  fixatives  such  as  glutaraldehyde  would  “cement” 
bound NPs  in  place  and  prevent  them  from  sloughing  off  during  sample  preparation. 
Assuming that binding of NPs to fungal surfaces  is required for activity, our results  for 
copper NPs  suggested  that  fixation with  glutaraldehyde was  not  sufficient  to  prevent 
subsequent  loss  of  bound  NPs  from  Candida  surfaces  during  processing  for  SEM.  In 
some photos, we saw what appeared to be large flocs of NPs close to, but not directly 
attached  to hyphae and  cells  (data not  shown).  These observations  further  suggested 
that the lack of visible binding we saw for these NPs was an artifact stemming from loss 
of binding during sample preparation. 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Because our SEM‐based approach appeared to be ineffective at detecting some 
NP‐Candida  interactions,  and  was  also  time‐consuming,  we  sought  to  develop  an 
alternative  approach  for  assessing  binding  of NPs  to  fungal  structures.  Ideally,  such  a 
method would be rapid (i.e.  faster than the 24‐h method used to determine MIC) and 
would  provide  direct  visual  evidence  of  NP‐Candida  interactions.  Other  modes  of 
microscopy  that  have  been  used  previously  to  study  NP‐cell  interactions  include 
differential  interference  contrast  (DIC)  microscopy,  and  evanescent  field‐based 
approaches  such  as  total  internal  reflection  (TIR)  or  near‐field  scanning  optical 
microscopy (NSOM) [10, 11]. However, these are high‐end analytical approaches, out of 
reach of most non‐specialist labs. 
Our  search  for  an  accessible  and  rapid  alternative  approach  for  imaging  NP‐
Candida  interactions  led  us  to  evaluate  the  CytoViva  150  enhanced  dark  field 
microscopy (EDFM) system for this purpose. All 13 types of metal NPs that we examined 
yielded bright  optical  signals when prepared  as wet mounts  and  examined  via  EDFM. 
For nanometer‐scale NPs and NP aggregates, we assume that these optical signals arose 
from surface plasmon‐based  resonant  light  scattering effects, a phenomenon  that has 
been well described for silver and gold NPs [12, 13]. It  is possible, however, that some 
portion  of  the  signal  from  larger  (i.e.  micron‐range)  NP  aggregates  (iron  or  copper‐
indium,  for example) may also have resulted  from additional  light scatter mechanisms 
governing larger‐scale objects.  Wet mounts of NP suspensions viewed using EDFM were 
visually striking, resembling a deep field of stars, with the different intensities and colors 
of light likely reflecting the sizes of the NPs or NP aggregates responsible for each signal 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(Fig. 2). Our ability to view all types of NPs in suspension via EDFM suggested that this 
method  would  enable  us  to  visualize  discrete  binding  interactions  between  NPs  and 
Candida surfaces.  
When viewed via EDFM, hyphae and cells of C. albicans without addition of NPs 
appeared as  smooth objects,  self‐luminous at  the edges, with  some  internal  structure 
visible  (septation  and microbodies)  (Fig.  3).  In  initial  experiments  with  a  small  set  of 
metals, we found that an NP level of 250 ppm and a reaction time of 15 min allowed us 
to  visually  estimate  NP  binding  avidity.  These  conditions  were  therefore  used  for 
evaluation of all NPs. For most single‐metal NPs, the degree of  interaction of NPs with 
fungal cells and hyphae occurring within 15 min corresponded well with the antifungal 
activity  determined  via  broth microdilution  after  24  h  (Table  1).  For  example,  cobalt, 
copper and silver NPs were all found to be highly antifungal via broth microdilution and 
when viewed via EDFM, the metals’ affinity for hyphal or cellular surfaces was visually 
clear. Although binding of silver (Fig. 4, panel A) and other NPs was not detectable via 
light microscopy (LM),  it could be seen clearly using EDFM (Fig. 4, panel C). For cobalt, 
the most potently antifungal metal, hyphal and cellular surfaces were coated with NPs, 
forming an encrustation that was visible via light (Fig. 4, panel B), dark field (Fig. 4, panel 
D) and scanning electron microscopies  (Fig. 1, panels B and D). Occasional  light‐visible 
macroscopic aggregates seen for some NPs were an exception to this observation, but 
even these were not clear via LM. 
Interestingly,  the  poorly  antimicrobial  iron NPs  or  their  aggregates  emitted  an 
intense, primarily white  light, complicating subjective comparisons of binding between 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this and other NP types (Table 1). The relationship between rapid binding and antifungal 
activity was not as clear for alloy NPs, although the intense binding and highly antifungal 
nature  of  cobalt  dominated  in  its  alloy  with  the  less  avidly‐binding,  poorly‐antifungal 
metals  nickel  and manganese  (Table  2).  Similar  effects  on  binding  enhancement may 
have also been  in effect  for  the manganese‐iron and nickel‐iron alloys.  Individually, all 
three  of  these  metals  had  poor  activities  against  Candida,  but  as  noted  above,  iron 
alone attached well to fungal surfaces, and may have conferred enhanced binding on its 
manganese or nickel alloys. These  results  imply a more complex  relationship between 
NP  binding  and  activity  than  we  originally  hypothesized,  suggesting  that  NP 
characteristics not involved in antifungal activity can confer the ability of certain NPs to 
bind  to  cells. We maintain,  however  that  direct  contact  and  high  affinity  of NPs with 
cells  is  an  important  factor  in mediating  antifungal  activity,  but  concede  that  binding 
alone may not be sufficient for such activity, as some metals appeared to be intrinsically 
inactive against this strain of C. albicans. For all types of NPs, resonant  light scattering 
was  not  subject  to  photobleaching  and  NPs  were  not  detectable  via  fluorescence 
microscopy. Collectively, these data highlight the value of EDFM for visualizing discrete 
NP‐cell  interactions  that  were  not  visible  using  either  SEM  or  the  other  real‐time 
microscopy formats evaluated here.  
For  the  most  antimicrobial  NPs,  hyphae  and  cells  took  on  a  dazzlingly  bright, 
“bejeweled”  appearance  (Fig.  4,  panels  E  and  F).  Unfortunately,  we  were  unable  to 
capture this effect exactly as it appeared through the microscope’s oculars. To improve 
image  quality,  and  reconstruct  as  closely  as  possible  the  images  seen  through  the 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microscope oculars, we used pre‐imaging and post‐capture approaches  for minimizing 
haziness  and  wash,  including  the  use  of  polarizing  filters,  post‐imaging  contrast 
adjustment and  image deconvolution, as described  in “Materials and Methods”. While 
some  interference  from  out  of  focus  light  is  characteristic  of  traditional  dark  field 
microscopy  [14],  the  EDFM  system  used  here  provides  a  shallow  plane  of  focus  and 
therefore  represents  an  improvement  over  traditional  dark  field  approaches,  which 
image an infinite field of depth. Still, our attempts at minimizing the impact of scattered 
light on image quality were only moderately successful. 
While  all  the  NPs  examine  here  were  visible  via  EDFM,  some  metals  were 
distinctive,  either  in  coloration  or  mode  of  binding.  In  addition  to  the  bright,  multi‐
colored encrustations  exemplified by  cobalt,  copper,  silver  and  the  copper‐silver  alloy 
(Fig.  4,  panels  C‐F),  the  copper‐indium  alloy,  bound  sparsely  as  large,  white  globular 
aggregates (Fig. 5). Although at the macroscale, all NPs were indistinguishable from each 
other  as  uniform  black  powders,  the  different  antifungal  activities  found  via  broth 
microdilution  and  binding  characteristics  seen  via  EDFM  highlight  their  underlying 
chemical  differences,  including,  potentially,  differences  in  surface  chemistries  (e.g. 
presence or absence of oxide layers) or electronic properties. 
  In one experiment, we sought to capture  images that could be used to explore 
the range of colors observed within NP‐encrusted or “bejeweled” hyphae (Fig. 6). To do 
this,  we  used  a  combination  of  pre‐  and  post‐processing  techniques.  Specifically,  the 
image in Fig. 6 was captured using a polarizer/analyzer filter pair (panel A), followed by 
manual adjustment of contrast in Photoshop CS3 to remove haze (panel B), with a final 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deconvolution step performed  in AutoQuant X v. 2.0  (panel C).   The result  is a clearer 
image  that  displays  the  range  of  colors  visible  on  the  surfaces  of  C.  albicans  hyphae 
reacted with this NP. If larger particles or aggregates yield red‐shifted colors [15], then 
this  type  of  patchwork  color  pattern  might  contain  information  about  the  localized 
concentration of NPs at the hyphal surface, although the heterogeneity of NP size (~10‐
100 nm as determined by TEM) and  the depth and availability  to  incident  light of  the 
“crust”  may  limit  such  simple  analyses.  Combination  of  EDFM  with  high‐end  image 
capture and analysis tools has the potential to maximize the value of this approach for 
monitoring  NP‐fungal  interactions.  For  example,  in  the  hands  of  a  specialist  lab  with 
hyperspectral imaging capabilities and advanced particle recognition software, it may be 
possible  to count particles or estimate  their  sizes, as well as  to conduct  time‐resolved 
studies  of  particle‐cell  interactions  at  either  brief  time  scales  (e.g.  initial  NP  binding 
dynamics,  measured  within  the  first  few  seconds)  or  over  longer  periods  (e.g. 
physiological  responses  of  Candida  to  NP  exposure  over  the  course  of  a  few  hours). 
Indeed, these types of analyses may already be outside the exclusive realm of specialist 
imaging  labs.  The CytoViva®  instrument  is now available with a hyperspectral  imaging 
spectrophotometer  that  operates  across  the  visible  and  near‐infrared  range  (400  – 
1,000  nm),  and  advanced  image  cytometry  software,  such  as  CellProfiler  is  now 
available  online  as  open‐source  freeware  (http://www.cellprofiler.org).  An  image 
cytometry  approach  has  already  been  used  for  high  content  analysis  of  neuroglioma 
cells exposed to copper oxide NPs [16], but this type of approach might also be used in 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conjunction  with  EDFM  for  direct  image  cytometry  of  NP‐cell  interactions,  enabling 
quantitative analyses of these phenomena. 
Typically, plasmon resonance‐based imaging of metal NPs is carried out using 75‐
100W  halogen  light  sources;  combined  with  a  100X  0.9  NA  objective,  a  single  non‐
photobleaching ~80 nm NP  illuminated under  these conditions can emit ~107 photons 
sec‐1,  the  equivalent  of  ~5  million  fluorescein  molecules  [12].  Both  the  spectra  and 
cross‐sectional  scattering  intensity  of  these  NPs  change  with  increasing  particle  size, 
providing  a  means  for  obtaining  NPs  that  emit  specific  visible  colors  [13,  15].  These 
properties  make  metal  NPs  potentially  very  valuable  as  ultra‐bright,  non‐bleaching 
labels for biological or chemical detection assays, or as we have demonstrated here, as 
self‐reporting  labels  for  NP‐cell  interactions.  The  relatively  low‐power  (24W)  EDFM 
system  used  here  can  be  operated  in  two  basic  modes  ‐  a  detection  mode,  where 
objects as small as 20 nm can be seen and information on their movement, interaction 
or aggregation can be collected, and an imaging mode, where structures as small as 90‐
100 nm can be optically resolved [17, 18].   Beyond facilitating resolution of very small 
features  using  a  standard  research‐grade  light  microscope,  the  EDFM  instrument  we 
used  can  also  elicit  and  detect  fluorescence  [19].  While  we  did  not  utilize  the 
instrument’s  fluorescence  capabilities  in  this  work,  the  capacity  for  simultaneous 
resonant  light  scattering/fluorescence  imaging  opens  up  potentially  useful  future 
possibilities for imaging NP‐cell interactions (see “Concluding Remarks”, below).   
Although we typically consider nanotechnology to be a new (and still emerging) 
field, studies on nano‐optical phenomena were already being carried out at the turn of 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the 20th century. Heinrich Siedentopf and Richard Zsigmondy developed the dark  field 
“ultramicroscope”  for optical detection and characterization of  colloidal metals  (metal 
NPs), and Zsigmondy won the 1925 Nobel Prize in Chemistry for his work on colloids [20, 
21]. Unfortunately,  interest  in use of the ultramicroscope waned with the invention of 
the  electron  microscope  in  the  early  1930’s  [20].  However,  today’s  “nanotech 
revolution” has fueled renewed interest in dark field microscopy, due to its usefulness in 
investigating  the  optical  properties  of  nanomaterials  [12,  13,  20].  Our  use  of  the 
ultramicroscopy‐like detection mode EDFM echoes  the pioneering work of Zsigmondy, 
who observed that “…isolated particles, whose diameter is a fraction of a wave‐length of 
light, can still be seen…” using this  technique [21]. Other microscopic approaches that 
may also be of value for examining NP‐cell interactions include the DIC, TIR and NSOM 
methods mentioned  above  as well  as  the  recently  described  single  plane  or  selective 
plane imaging microscopy (SPIM), also known as “light sheet” microscopy [22, 23]. SPIM, 
which has  its  origins  in  Siedentopf’s  and  Zsigmondy’s  ultramicroscope,  is  essentially  a 
method for optical tomography, whereby discrete planar “slices” of the sample can be 
selectively  imaged,  reducing  the  background  signal  from  objects  outside  of  the  focal 
plane and causing fewer problems with photobleaching or photodamage [23]. In SPIM, 
light  from a  laser  source  is  optically  focused  into  a  thin  “sheet”  of  light  that  overlaps 
with  the  focal  plane  in  the  sample,  which  is  immersed  in  liquid  or  embedded  in  a 
transparent  hydrogel  having  the  same  refractive  index  as  water  [22,  23].  Instead  of 
moving the light sheet, the sample itself is translated or rotated to provide the desired 
sectioning of  the  sample  [23]. Variant approaches of  the  same basic  technology exist, 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with the chief differences being horizontal vs. vertical sectioning, sample embedding vs. 
liquid immersion and single‐sided vs. dual‐sided excitation [22, 23]. Because it is a form 
of optical tomography, multiple SPIM images can be stacked to provide a reconstruction 
of  the  original  sample  [22,  23].  Although  it  has  been  described  primarily  for  optical 
sectioning of larger cells or embryos, SPIM has also been described for yeast [23] and a 
very  similar  approach  has  been  taken  for  the  study  of  naturally  occurring  aquatic 
microbes [24].  
With  their  abilities  to  perform  optical  sectioning  of  the  sample,  SPIM‐based 
approaches may  be  useful  for  investigating  NP‐Candida  interactions.  Using  the  EDFM 
method described here, we were only able to get a “top‐down” view of NP‐coated cells 
and  hyphae,  and  information  on  NP  distribution  over  the  entire  curved  surfaces  of 
Candida  structures was not available. Using an SPIM approach, NP‐Candida complexes 
could potentially be sectioned, with a 1.5µm light sheet yielding ~6 sections per sample 
[23]. This multiplanar view could provide information on surface‐bound (or internalized) 
NPs  throughout  the  volume  of  the  cell  or  hyphum.  Although  a  commercial  SPIM 
instrument  is  in development,  the availability of  this  technology  is  limited, as  the only 
instruments  now  in  existence  are  those  custom‐built  by  specialist  labs.  Additionally, 
unlike  EDFM,  we  do  not  know  the  extent  that  the  SPIM  architecture  would  support 
generation of dynamic  light  scattering  from metal NPs. Therefore, although  the EDFM 
approach may not be the only solution to investigating NP‐Candida interactions, it does 
have  the  added  benefits  of  being  accessible  and  easy  to  use  and  is  available  as  a 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modular  upgrade  to  most  existing  light  microscopes,  taking  the  place  of  the 
microscope’s original condenser. 
 
4 Concluding remarks 
We  have  described  a  rapid,  microscopic  method  for  visualizing  interactions  between 
metal NPs and fungal hyphae based on resonant light scattering of these particles when 
viewed using enhanced dark field microscopy (EDFM). This approach grew out of a need 
for  rapid  and  direct  visualization  of  NP‐fungal  interactions,  without  the  extensive 
preparative steps used  in SEM that could  lead to artifacts, such as sloughing of bound 
NPs  during  sample  preparation.  Although  we  ultimately  found  that  the  relationship 
between  NP  binding  and  antifungal  activity  was  not  as  direct  as  we  had  originally 
hypothesized, our work demonstrates the use of EDFM for detecting and characterizing 
binding interactions between metal NPs and fungal hyphae or cells, a result that could 
be  useful  in  further  characterization  of  these  NPs  as  antimicrobials  or  in  future 
applications  of  similar  NPs  as  non‐chemical,  non‐quenching  labels  for  microbial 
diagnostics.  Although  binding  alone  was  not  a  sufficient  metric  for  assessing  the 
antimicrobial capacity of the NPs examined here, the EDFM approach used here could 
be expanded for more detailed studies of NP activity at  fungal surfaces.  In addition to 
surface  plasmon  effects,  the  CytoViva®  instrument  used  here  is  also  able  to  elicit 
fluorescence, opening the possibility for combination of these modalities for correlative 
studies  on  binding  of  NPs  to  cells  and  their  subsequent  physiological  effects.  For 
example,  in  future  studies,  it  may  be  possible  to  combine  EDFM  with  appropriate 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fluorescent  probes  in  order  to  examine  the  physiological  pathways  through  which 
antifungally  active  NPs  exert  their  effects.  Example  probes  might  include  fluorescent 
respiratory substrates or free radical indicators [4, 25]. More detailed insights might also 
be  possible  using  engineered  microbial  strains  capable  of  fluorescently  reporting 
perturbations of major cellular biosynthetic pathways, including synthesis of DNA, RNA, 
proteins, fatty acids and the cell wall [26]. 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Figure legends 
 
Figure  1.  Scanning  Electron  Microscopy  (SEM)  results.  Panel  A,  untreated  (control) 
hyphae  of  C.  albicans;  Panel  B,  C.  albicans  hyphae  treated with  250  ppm  cobalt  NPs 
(visible encrustation of NPs); Panel C, detail of cobalt‐encrusted C. albicans cells; Panel 
D, copper‐treated hyphae and cells of C. albicans (little or no binding observed via SEM). 
 
Figure 2. Wet mount of copper particles viewed via enhanced dark field microscopy. 
This  figure highlights  the non‐quenching  resonant  light  scattering characteristic of  the 
metal NPs used in this study. Wet mounts of NPs resembled a deep field of stars, with 
the different  intensities  and  colors  of  light  likely  reflecting  the  sizes  of  the NPs or NP 
aggregates responsible for each signal. 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Figure 3. Control hyphae of C. albicans (no NPs added), viewed via enhanced dark field 
microscopy. When viewed via EDFM, hyphae and cells of C. albicans without added NPs 
appeared as  smooth objects,  self‐luminous at  the edges, with  some  internal  structure 
visible. 
 
Figure  4.  Comparison  of NP  binding  via  light  and  enhanced  dark  field microscopies. 
Panel  A,  silver  NPs  (MIC  of  31.25  ppm)  viewed  via  light  microscopy  (bound  NPs  not 
detectable). Panel C, silver NPs viewed via dark field microscopy (NPs easily detected). 
Panel  B,  cobalt  NPs  (MIC  of  0.24  ppm)  viewed  via  light  microscopy  (encrustation  of 
cobalt NPs visible even via light microscopy). Panel D, binding of cobalt NPs viewed via 
enhanced dark field microscopy. Inset shows detail of highlighted area, magnified 2.25x. 
Panel E, copper NPs (MIC of 15.63 ppm) demonstrating “bejeweled” appearance. Inset 
shows  detail  of  highlighted  area, magnified  2.5x;  Panel  F,  “bejeweled”  appearance  of 
copper‐silver alloy NPs (MIC of 250 ppm). Scale bars for all panels 5 µm. 
 
Figure 5. Unique binding profile for copper‐indium NPs. Sparse binding of large, bright 
copper‐indium NP aggregates. 
 
Figure 6. Detail of visible NP colors for cobalt‐encrusted hyphum subjected to pre‐ and 
post‐imaging adjustment and processing.  A photo of  this  cobalt‐treated hyphum was 
captured using a polarizer/analyzer filter set (panel A). The image was contrast‐adjusted 
in  Adobe  Photoshop  CS3  to  remove  visible  haze  (panel  B).  Image  deconvolution 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(AutoQuant X v. 2.0) was then used to further sharpen features, as described in the text 
(panel C). The result  is a clearer  image highlighting the range of colors comprising the 
“bejeweled” phenotype of binding seen for cobalt NPs. 
 
 
Table 1. Single‐metal nanoparticles: binding results at 15 min vs minimum inhibitory 
concentration (MIC) after 24 h. 
 
Single‐Metal 
NPs 
Binding Result at 15 min via 
EDFM (relative intensity) 
Minimum Inhibitory 
Concentration (MIC, ppm) 
cobalt  +++++++  0.24 
copper  ++++++  15.63 
silver  +++++  31.25 
nickel  ++  250 
manganese  +  1,000 
palladium  +++  1,000 
Iron   ++++A  >2,000 
A binding of large, white aggregates 
 
 
 
Table 2. Metal alloy nanoparticles: binding results at 15 min vs. minimum inhibitory 
concentration (MIC) after 24 h. 
 
Metal Alloy NPs 
(1:1:1 or 1:1 ratios) 
Binding Result at 15 min via 
EDFM 
(relative intensity) 
Minimum Inhibitory 
Concentration (MIC, 
ppm) 
cobalt/nickel/manganese  +++++  0.49 
cobalt/iron  +++  62.5 
copper/silver  +++++  250 
copper/indium  +++ B  250 
manganese/iron  ++++  2,000 
nickel/iron  +++  2,000 
B sparse binding of large aggregates 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Abstract 
Plant extracts have been used for millennia for treatment of disease, with much recent 
interest  focusing  on  the  antimicrobial  activities  of  plant  essential  oils  (EOs).  Although 
EOs  are  active  against  common  microbial  pathogens,  their  effective  use  as  topical, 
environmental or food antimicrobials will require EO‐based formulations with enhanced 
antimicrobial  activities.  In  the  present  study,  two  polyionic  compounds,  sodium 
polyphosphate  (polyP,  a  polyanion)  and  polyethylenimine  (PEI,  a  polycation),  were 
evaluated for their abilities to enhance the antimicrobial activities of six EOs against the 
human  pathogens  Escherichia  coli  O157:H7,  Salmonella  enterica  subsp.  enterica  ser 
Minnesota,  Pseudomonas  aeruginosa,  Listeria monocytogenes,  Staphylococcus  aureus 
and Candida albicans. EOs tested were cinnamon, clove, regular and redistilled oregano 
and  two  types  of  thyme  oil.  EOs  were  examined  via  disk  diffusion  and  broth 
microdilution,  either  alone or  in  the presence of  sub‐inhibitory  levels  of  polyP or  PEI. 
Both polyP and PEI were found to be effective enhancers of EO activity against all strains 
examined, and calculation of fractional inhibitory indices for select EO/organism pairings 
demonstrated  that  true  synergy  was  possible  with  this  enhancement  approach. 
Experiments  with  a  deep  rough  strain  of  S.  Minnesota  probed  the  role  of  the  outer 
membrane in both intrinsic resistance to EOs and enhancement by polygons. The use of 
polyP and PEI  for boosting  the antimicrobial activities of EOs may eventually  facilitate 
the  development  of  more  effective  EO‐based  antimicrobial  treatments  for  use  in 
applications  such as wound  treatment,  surface disinfection, or  as GRAS antimicrobials 
for use in foods or on food contact surfaces. 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Introduction 
There is substantial consumer demand for and industrial interest in development 
of “natural” antimicrobials for use in disinfection and cleaning of food contact surfaces, 
for treatment of foods themselves (food‐grade antimicrobial fruit or vegetable washes, 
for  example)  or  for  use  as  topical  antimicrobials,  as  alternatives  to  antibiotics.    Plant 
essential oils are a promising botanical source for such natural antimicrobials. The term 
“essential oil”  is a  collective descriptor  for  the  fragrant, oily  liquids obtained  from the 
leaves,  flowers,  bark,  bulbs,  roots  or  other  plant  components  through  extraction 
methods such as steam distillation, physical expression, supercritical fluid extraction or 
effleurage (extraction into solid, odorless fat) (2, 9, 33, 40). Essential oils (EOs) have long 
standing  in  human  culture  as  flavorant  and  aroma  compounds  and  have  also  been 
valued for their pharmacological properties as analgesics/local anesthetics, or for their 
anti‐inflammatory or spasmolytic properties (2, 9). Although formal development of EOs 
as  antibacterials  began  in  the  late  19th  century  (9),  their  widespread  use  in  this 
application was likely eclipsed by the ready availability of synthetic antimicrobials such 
as dyes, and later in the next century, by the discovery of antibiotics. Today, factors such 
as  the  widespread  development  of  resistance  to  antibiotics  and  increasing  consumer 
demands  for  “natural”  or  “green”  alternatives  to  traditional  food  preservatives  or 
disinfectants  have  driven  a  renewed  interest  in  the  use  of  EOs  as  antimicrobials. 
Advantages of EOs include the fact that many have generally recognized as safe (GRAS) 
status and are already used widely  in foods, cosmetics or  in personal care products as 
flavorants, aroma compounds or as functional ingredients (9, 40). A key drawback is that 
while  some  EOs  have  relatively  wide  antimicrobial  spectra  (40),  they  typically 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demonstrate  high minimum  inhibitory  concentrations  (MICs) when  added  to  complex 
systems. For example, in foods, the amount of EO needed to inhibit pathogens may be  
as much as 100‐fold greater than the amount needed to inhibit the same pathogens in 
microbiological media (9). Given the intense flavor and aroma profiles of most EOs, such 
high  levels  may  be  organoleptically  unacceptable,  limiting  the  use  of  these 
antimicrobials in food‐related applications (3, 40, 41). In topical applications, the use of 
certain  concentrated  EOs  or  EO‐containing  products  has  been  linked  to  contact 
dermatitis  and even gynecomastia  in prepubescent boys  (15, 34).  Therefore, methods 
for enhancing the antimicrobial activities of EOs may enable the practical use of these 
otherwise  promising  natural  compounds  in  food,  environmental  or  topical  medical 
applications by achieving equivalent  (or better) antimicrobial efficacy, but at  lower EO 
concentrations (40, 41).  
A critical factor affecting the efficacy of hydrophobic compounds (or mixtures of 
hydrophobic  compounds,  such  as  found  in  EOs)  against  gram‐negative  bacteria  is  the 
permeability  barrier  posed  by  the  outer  membrane  (OM)  (37).  The  hydrophilic, 
quasicrystalline  “tiled  roof”  surface  of  the  intact  OM  effectively  limits  the  entry  of 
hydrophobic essential oil components into the cell (19, 37). A number of strategies have 
been devised to address the permeability barrier posed by the OM, with an aim toward 
improving  the efficacy of antibiotics,  (13, 14, 19, 37, 41), biocides  (1) or  individual EO 
components such as thymol and carvacrol (41) against gram‐negative bacteria. Typically, 
these strategies involve co‐treatment of target bacteria with polycationic or polyanionic 
molecules  including  polyphosphates  (36),  polyethylenimine  (1,  13,  14,  19)  or  metal 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chelators  such as EDTA  (1, 13, 39, 41) and organic acids  (3, 41).  In  these applications, 
polyphosphates, EDTA and organic acids are thought to disrupt the integrity of the OM 
by  chelating  the  divalent  cations  involved  in  electrostatic  linkage,  or  “bridging”,  of 
adjacent  lipopolysacharride  (LPS)  molecules  (1,  13,  38,  39,  41)  and  polycationic 
molecules such as PEI and chitosan are thought to interact with LPS (itself a polyanion) 
to introduce disorder in LPS‐LPS interactions, interfering with the OM’s barrier function 
(13,  14,  19,  37).  An  excellent  review  of  the  diversity  of  (mostly  cationic)  molecules 
known to be capable of permeabilizing the gram‐negative OM is provided by Vaara (37).  
Although much work has  focused on using polyionic  compounds  for enhancing 
antimicrobial  activity  against  gram‐negative  bacteria,  less  is  known  about  how  these 
compounds  may  affect  uptake  of  antimicrobials  by  other  cell  types,  such  as  gram‐
positive  bacteria  or  yeasts.  In  approaching  the  present  study, we  reasoned  that  since 
polyionic permeabilizers such as polyP and PEI have been previously shown to facilitate 
the uptake of hydrophobic antibiotics by gram‐negative bacteria, they may also serve as 
effective  co‐incubants  for  promoting  the  uptake  of  other  hydrophobic  compounds  or 
mixtures, namely EOs. Therefore, we sought to characterize the efficacy of polyP and PEI 
as promoters of EO uptake in gram‐negative bacteria using six commonly available EOs. 
Once we established that polyP and PEI were capable of enhancing EO activity against 
select  gram‐negative  bacteria  (E.  coli  O157:H7,  S.  enterica  subsp.  enterica  ser 
Minnesota,  P.  aeruginosa),  we  sought  to  extend  these  effects  to  other  cell  types, 
including gram‐positive bacteria  (L. monocytogenes, S. aureus) and a pathogenic yeast 
(C. albicans). The role of the OM in susceptibility of gram‐negative bacteria to EOs and 
 153 
to  EO/polyion  combinations  was  also  examined  using  a  “deep  rough”  mutant  of  S. 
Minnesota.  Finally,  we  sought  to  characterize whether  the  EO‐enhancing  activities  of 
polyP  and  PEI  were  truly  synergistic,  vs.  simply  additive,  by  measuring  fractional 
inhibitory  concentrations  (FICs)  and  calculating  FIC  indices  for  select  pathogen‐oil 
pairings.  
Materials and methods 
Chemicals and Essential Oils. BEKAPLUS FS, a food grade sodium polyphosphate (polyP) 
salt, was obtained from BK Giulini,  (Simi Valley, CA). Stock solutions of polyP (5% w/v, 
final pH of 6.8) were prepared in sterile water and used the same day.  Polyethylenimine 
(PEI; branched, avg. MW 25,000) was from Sigma‐Aldrich (St. Louis, MO). Stock solutions 
of  PEI  (2.5  mg/ml,  final  pH  of  ~9.2)  were  prepared  in  sterile  water.  The  following 
essential oils were sourced from Van Beek Natural Science (Orange City, IA): cinnamon, 
clove,  oregano,  redistilled  oregano,  spike  thyme,  and  white  thyme.    According  to 
certificates of analysis provided by the vendor, the oils contained the following levels of 
active  compounds:  cinnamon  oil,  70.42%  cinnamaldehyde;  clove  oil,  87.6%  eugenol; 
oregano oil, 67.4% carvacrol, 3.8% thymol; redistilled oregano oil, 96.4% carvacrol, 2.7% 
thymol;  spike  thyme oil,  71.01%  carvacrol; white  thyme oil,  50.19%  thymol. Neat  oils 
were added directly to growth media and mixed thoroughly prior to use.  
 
Microbial  Strains  and  Culture  Conditions.  Escherichia  coli  O157:H7  ATCC  35150, 
Salmonella  enterica  subsp.  enterica  ser. Minnesota  SLH154  (wild  type  clinical  isolate, 
Wisconsin  State  Lab  of  Hygiene),  S.  Minnesota  R613  (Re  chemotype  “deep  rough” 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mutant,  Salmonella  Genetic  Stock  Centre,  Calgary,  Alberta,  CA),  Pseudomonas 
aeruginosa ATCC 27853, Staphylococcus aureus ATCC 29523 and Listeria monocytogenes 
F6854 were  grown  at  30°C  in  cation‐adjusted Mueller Hinton  broth  (CAMHB)  (Becton 
Dickinson and Company, Franklin Lakes, N.J.) as described in the Clinical and Laboratory 
Standards  Institute  (CLSI)  document  M7‐A7  (27).  Candida  albicans  ATCC  90028  was 
grown at 35°C in RPMI 1640 broth (Sigma‐Aldrich) as described in CLSI document M27‐
A2 (29). 
 
Disk  Diffusion.  The  baseline  antimicrobial  activities  of  the  six  EOs  were  determined 
using  a  standard  disk  diffusion  assay,  as  described  in  CLSI  document M2‐A9  (28).  For 
evaluation of EO activity in the presence of polyionic enhancers, an agar overlay‐based 
modification of this assay was used, with enhancers and test inocula commingled in the 
overlay (7). Briefly, cells were grown in CAMHB for 24 h at 30°C and diluted to a working 
concentration of ~107 CFU/ml in phosphate buffered saline (PBS).  An aliquot of this cell 
suspension was added to a Mueller Hinton agar overlay (0.7% agar) tempered to 50°C, 
yielding a final inoculum of  ~106 CFU/ml. This seeded overlay mixture was immediately 
poured over gelled Mueller Hinton agar (1.5% agar) in small petri dishes (60 mm diam., 
with the exception of the 100 mm diam. plate shown in Fig. 7) and left to solidify. For 
treatments  containing polyP or  PEI,  aliquots of  polyion working  stocks were  added  to 
the  tempered  overlays  before  pouring  to  yield  final  enhancer  concentrations  of  1% 
(polyP)  or  50  µg/ml  (PEI).  Sterile  paper  disks  (BBL,  Becton  Dickson  and  Company, 
Franklin Lakes, NJ) were saturated with 15 µl portions of each essential oil to be tested, 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placed aseptically on the gelled agar overlays and plates were incubated at 30°C for 24 
h. Zones of inhibition (ZOI, diameter reported in mm) were measured from the bottom 
of each plate after incubation. Within each experiment, all treatments were performed 
in duplicate, and all experiments were performed in triplicate. Zones reported represent 
the averages of these replicate measurements. Statistical analysis was performed using 
SAS  software  (v  9.1,  SAS  Institute  Inc.  Cary,  NC).    Statistical  significance  in  ZOI  size 
between treatments was tested using Tukey’s test for multiple comparisons (p <0.05).  
 
Minimum Inhibitory Concentration (MIC). To obtain MICs for subsequent calculation of 
Fractional  Inhibitory  Concentrations  (FICs),  the  antimicrobial  activities  of  two  EOs 
(cinnamon  and  redistilled  oregano  oils)  were  tested  via  broth  microdilution  assay 
against  a  representative  gram‐negative  bacterium  (E.  coli  O157:H7),  a  gram‐positive 
bacterium  (L. monocytogenes)  and  a  yeast  (C.  albicans)  using  a  Bioscreen  C microbial 
growth  analyzer  (Labsystems,  Helsinki,  Finland).  Briefly,  stock  solutions  of  EOs  were 
prepared  by  direct  addition  of  oils  to  CAMHB,  with  thorough  vortexing  to  ensure 
adequate  mixing.  Serial  two‐fold  dilutions  of  EO‐containing  CAMHB  were  made  into 
plain CAMHB as described previously (23), yielding a series of wells containing EO levels 
ranging from 1% to 0.0039% EO (v/v). Fresh CAMBH was added to bring the final volume 
of all wells to 200 µl, and controls (growth media without added EOs) were included in 
every  experiment.    For  MIC  determinations  of  bacteria  in  the  presence  of  polyionic 
enhancers,  appropriate  aliquots  of  polyP  or  PEI  stocks  were  added  prior  to  bringing 
wells up to volume with fresh CAMBH, yielding final concentrations of polyP and PEI of 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1%  and  50µg/ml,  respectively.  Final  pH  values  for  CAMBH  to which  polyP  or  PEI  had 
been added ranged between 7.1 and 7.3 (close to the manufacturer’s specifications of 
7.3 +/‐ 0.1). Preliminary work demonstrated that C. albicans was inhibited by 1% polyP 
alone.  Therefore,  a  sub‐inhibitory  level  of  0.25% was  used  to  determine  the MICs  of 
EO/enhancer combinations for this organism. Additionally, in this liquid system, PEI was 
found  to  be  inhibitory  to  C.  albicans  at  all  levels  tested,  precluding  testing  of  PEI‐
mediated MIC  reduction  for  this  organism.  For MIC  determinations  (and  also  for  FIC 
determinations,  below)  all  treatments  within  each  experiment,  and  all  experiments, 
were performed in triplicate. Microbial cells were cultured and further diluted in fresh 
media, then added to a final concentration of 105 cells per well. Plates were incubated in 
the  Bioscreen  for  24  h  at  30ºC  (35  ºC  for  C.  albicans)  and  the  instrument  was 
programmed to measure optical density at 600 nm every 15 minutes, with shaking for 
30 seconds prior to each reading to ensure adequate suspension of cells. The minimum 
inhibitory  concentration  (MIC)  was  defined  as  the  lowest  EO  concentration  that 
completely inhibited microbial growth (OD increase ≤ 0.05) after 24 h of incubation (5).  
 
Fractional Inhibitory Concentration (FIC). For assays involving combinations of EOs and 
polyionic  enhancers,  fractional  inhibitory  concentrations  (FICs)  were  determined  as  a 
means  to  detect  and  quantify  formal  synergy  between  these  components,  vs.  simple 
additive effects. To do this, MICs for EOs and polyionic enhancers were determined both 
individually  and  in  combination,  using  the methods  for MIC  determination  described 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above, and FIC indices were calculated according to the method of Pankey and Ashkraft 
(30), using the following formulas: 
 
FIC (Essential Oil) = (MIC combination / MIC oil alone) 
FIC (Polyion) = (MIC combination / MIC polyion alone) 
∑FIC = FIC Essential Oil + FIC Polyion 
   
Interactions with ∑FIC  ≤  0.5 were  classified  as  synergistic,  those with ∑FIC  ≥  4.0 were 
classified  as  antagonistic,  and  interactions  having  ∑FIC  between  0.5  and  4.0  were 
classified as “indifferent” (30). Because E. coli and L. monocytogenes were not inhibited 
by polyP alone, even at very high concentrations, the highest level of polyP tested (10%) 
was used to calculate FIC values for these organisms.  
Results 
Disk Diffusion. All EOs were inhibitory alone to the organisms tested, producing modest 
ZOIs of 10 ‐ 17 mm for L. monocytogenes, 9 – 20 mm for P. aeruginosa, 14 – 26 mm for 
wild  type S. Minnesota and 15  ‐ 25 mm for E. coli. Of all wild  type strains,  the  largest 
ZOIs for oils alone were measured for S. aureus, with ZOIs of 18 – 40 mm. However, the 
“deep  rough”  (Re  chemotype)  S.  Minnesota  was  the  most  intrinsically  susceptible 
organism  to  EOs  alone,  with  ZOIs  of  26  –  45  mm,  roughly  twice  the  size  as  those 
measured for wild type S. Minnesota. For all organisms tested, clove was the least active 
EO.  Combination  of  EOs  with  sub‐inhibitory  concentrations  of  polyP  (1%)  or  PEI 
(50µg/ml) significantly (p <0.05) increased zone sizes for all bacteria tested, indicating at 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least  an  additive  effect  for  these  enhancers.  Exceptions  include  the  non‐significant 
increases  in  ZOI  seen  for  the  PEI/clove  combination  with  P.  aeruginosa,  wild  type  S. 
Minnesota and S. aureus, or the PEI/cinnamon combination with wild type S. Minnesota. 
Remarkably, we found that co‐application of polyP or PEI further enhanced the activities 
of  EOs  against  the  intrinsically  susceptible  “deep  rough”  S. Minnesota  strain.  Table  1 
summarizes the increases in ZOIs seen for polyP or PEI for the six bacteria tested. These 
data  are  reported  as  the  range  of  ZOI  increase  (in  mm)  seen  across  all 
pathogen/polyion/EO  pairings.  For  gram‐negative  bacteria,  the  smallest  overall 
increases were noted for P. aeruginosa and wild type S. Minnesota treated with PEI. The 
activities of EOs against S. aureus, the most intrinsically susceptible wild type organism, 
were also only minimally enhanced by either polyion. These data highlight that although 
the activities of all EOs could be enhanced by polyP and PEI, the degree of enhancement 
varied according to the pathogen/polyion/EO pairing tested. Although PEI was inhibitory 
to  C.  albicans  at  all  concentrations  used  in  liquid  media  (see  “Minimum  Inhibitory 
Concentration” below), we were able  to  titrate  the  level of PEI  to a  subinhibitory, yet 
EO‐enhancing  level  of  5  µg/ml when  incorporated  into  the  agar  overlays  used  in  disk 
diffusion experiments. Treatment of C. albicans with both 1% polyP and 5 µg/ml PEI led 
to larger ZOIs for all oils. However, ZOIs for both EO‐only controls and polyion‐treated C. 
albicans were not always measurable, as their edges were often diffuse, without a clear 
line  of  demarcation.  An  exception  to  this  observation  was  found  with  cinnamon  oil, 
which  did  yield  definitive,  measurable  zones  with  either  the  oil  alone  or  the  oil 
combined with 0.25% polyP or 5 µg/ml PEI (Figure 7). 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Apart  from  leading  to  increases  in  zone  size  for  the  various  oils  used,  we 
observed that treatment of P. aeruginosa with 1% polyP also caused the bacterial lawn 
to change in color from a greenish‐blue hue to a white or cream color. This color change 
did not occur in lawns treated with PEI. The potential significance of this observation is 
discussed below.  
 
Minimum Inhibitory Concentration. A broth microdilution assay was used to determine 
the MICs of  EOs  alone and  in  the presence of  polyionic  enhancers. MIC  values of  the 
enhancers alone were also determined for use in calculating FIC indices for EO/polyion 
combinations. Cinnamon and redistilled oregano oils were chosen as representative oils 
for MIC and FIC determination on the basis of their disk diffusion activities and on their 
chemical compositions, with cinnamaldehyde and carvacrol being the main constituents 
for  cinnamon and oregano oils,  respectively  (see Materials and Methods). MIC  results 
paralleled  those  obtained  for  disk  diffusion, with  L. monocytogenes  showing  a  higher 
intrinsic resistance to EO activity than E. coli, but also showing increased sensitization to 
EOs in the presence of both enhancers (Figures 1 and 3; Tables 2 and 3). Specifically, L. 
monocytogenes showed a three‐fold reduction in MIC for both cinnamon and redistilled 
oregano oils in the presence of polyP, while MICs for E. coli and C. albicans exposed to 
this  sensitizer  were  reduced  by  only  two‐fold  (cinnamon)  and  one‐fold  (redistilled 
oregano) (Table 2). In the presence of PEI, the MIC for redistilled oregano oil against L. 
monocytogenes  was  reduced  four‐fold.  For  oils  tested  alone,  without  enhancers, 
cinnamon oil was found to be the most effective by broth microdilution, with C. albicans 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being  the most  intrinsically susceptible organism (Table 2).   As noted  in Materials and 
Methods,  preliminary  experiments  revealed  that C.  albicans was  fully  inhibited by  1% 
polyP  and  by  all  levels  of  PEI  (as  low  as  0.39  µg/ml)  tested  in  this  liquid  system. 
Therefore,  for C. albicans, a non‐inhibitory  level of 0.25% polyP was used and MIC/FIC 
determinations of EO/PEI combinations were not determined (Table 3). 
Although our results clearly showed that polyP and PEI were able to enhance the 
antimicrobial activities of the EOs tested, FIC indices were calculated to formally detect 
and  characterize  EO/enhancer  synergies.  With  the  exception  of  L.  monocytogenes 
combined  with  PEI,  all  enhancer  combinations  with  cinnamon  oil  showed  synergistic 
interactions, with  FIC  indices  ≤  0.5.    The  lowest  FIC  indices  (highest  levels  of  synergy) 
were found for L. monocytogenes treated with combinations of polyP and cinnamon or 
redistilled oregano oils. Both E. coli and L. monocytogenes were able to grow at levels of 
polyP as high as 10% (the highest level tested). FIC values were therefore calculated at 
this level, yielding conservative estimates of synergy between EOs and this enhancer. No 
antagonistic interactions were found with any of the combinations tested, indicating at 
least additive interactions between these polyionic enhancers and the EOs tested.   
 
Discussion 
  EOs are complex mixtures of natural molecules known to have various biological 
activities individually as herbivore attractants or repellants; as insect attractants, mating 
hormones or antifeedants; or as  components of plant defense active against bacteria, 
fungi  and  viruses  (2,  7,  31).    Recent  consumer  trends  towards  “natural”  products, 
 161 
together  with  the  widespread  incidence  of  resistance  to  traditional  antibiotics  have 
driven  a  strong  interest  in  alternatives  to  traditional  chemical  food  preservatives, 
cleaning agents or antibiotics (7, 9). Although EOs have generated interest as potential 
food  preservatives,  disinfectants  or  topical  antimicrobials,  their  practical  use  can  be 
limited in these roles by their strong aromas, flavors or other undesirable attributes (as 
skin  irritants,  estrogen  mimics,  etc.).  Further,  their  effective  use  in  complex  systems 
such as foods typically requires their addition at much higher levels (10‐100 fold greater) 
than  is  required  for  obtaining  the  same antimicrobial  effects  in model media  systems 
(9). Our study provides an initial in vitro assessment of these two polyionic compounds 
as enhancers of EO activity against gram‐negative bacteria, gram‐positive bacteria and 
fungi.  Although  we  have  not  yet  studied  the  practical  application  of  these  basic 
enhancement  phenomena  to  specific  food,  environmental  or  clinical  systems,  we 
believe that methods for potentiating or enhancing the existing antimicrobial effects of 
EOs  may  ultimately  facilitate  use  of  EOs  as  realistic  alternatives  to  existing  chemical 
preservatives,  disinfectants  or  antibiotics.  Potentially,  such  methods  could  either  be 
used to boost EO efficacy at current usage levels, or enable formulation of effective EO‐
based  antimicrobials  at  substantially  lower  EO  levels,  thereby  minimizing  the 
undesirable attributes of such systems. 
In the present study, we have demonstrated that the polyionic compounds polyP 
(a  polyanion)  and  PEI  (a  polycation)  can  be  used  as  effective  modulators  of  EO 
antimicrobial  activity,  not  only  against  gram‐negative  bacteria  (E.  coli  O157:H7,  P. 
aeruginosa,  S. Minnesota),  but  also  against  other  cell  types,  including  gram‐positive 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bacteria  (L. monocytogenes, S.  aureus)  and  a  pathogenic  yeast  (C.  albicans). We have 
shown that polyP and PEI are able  to enhance  the activities of all oils  tested and  that 
certain combinations, such as cinnamon oil and polyP against E. coli, L. monocytogenes 
and C. albicans, are measurably synergistic, using fairly conservative formulae and data 
input  for  these calculations.  Intriguing new data have also been collected on both  the 
intrinsic susceptibility of an LPS‐deficient “deep rough” mutant of S. Minnesota to EOs, 
as well as the additional enhancing effects of polyP or PEI on the antimicrobial effects of 
EOs against this strain. Collectively, our results suggest excellent potential for polyP and 
PEI  in  the  formulation  of  more  effective  EO‐based  treatments  for  use  as  alternative 
antimicrobials.  
Both  polyethylenimine  (also  spelled  “polyethyleneimine”  in  some publications) 
and  sodium  polyphosphate  are  multifunctional  molecules,  with  a  diversity  of 
applications  in  industry  as  functional  ingredients.  PEI  is  a  synthetic,  cationic  polymer 
whose  positive  charge  stems  from  the  presence  of  primary,  secondary  and  tertiary 
amino groups (1, 19). PEI is available in a variety of forms, including straight‐chain and 
branched  forms  and  it  has  been  used  in  applications  as  varied  as  a  DNA  carrier  and 
delivery  vector  for  gene  therapy  applications,  as  a  flocculant  in paper production and 
waste water treatment and as an ingredient in the manufacture of cosmetic or personal 
care products, including shampoos (12, 13). The U.S. Code of Federal Regulations (CFR) 
also allows PEI as a secondary direct food additive in applications ranging from fixation 
and immobilization of enzymes for the production of beer, and as an adhesive  in food 
packaging materials. 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Polyphosphates are highly anionic condensates of phosphoric acids, and like PEI, 
are  used  in  a  diversity  of  applications,  including  multiple  food‐based  applications  as 
acidulants or alkalizers, as a source of dietary phosphorus, as emulsifiers, stabilizers or 
dispersants, as buffers, thickeners or gelling agents, as leavening or anti‐caking agents, 
and,  due  to  their  metal  chelating  action,  as  color  protectants  and  inhibitors  of  lipid 
oxidation or enzymatic browning (11, 23, 39). Polyphosphates are routinely used across 
many  food  categories  including  in  process  cheese,  dairy  products,  meats,  poultry, 
seafood,  vegetables,  beverages  and  pet  foods  (23).  Non‐food  applications  of 
polyphosphates  include  their  use  in personal  care products,  and  as  “eco‐friendly”  fire 
retardants used to fight forest fires. In nature, polyP is found in all cell types (bacterial, 
archaeal and fungal, protozoan, plant and animal) where it acts variously as a buffering 
agent,  an  internal  reservoir  for  inorganic  phosphate,  a  substitute  for  ATP  in  kinase 
reactions,  an  elicitor  of  natural  competence  for  bacterial  transformation,  a  structural 
component  in  the  capsular  material  of  Neisseria  spp.  and  in  the  processing  and 
degradation of mRNA (20). 
Previous  studies  have  demonstrated  that  PEI  is  an  effective  permeabilizer  of 
gram‐negative  bacteria,  facilitating  the  uptake  or  action  of  various  compounds, 
including antibiotics, detergents or biocides  (1, 13, 19). One study also showed similar 
permeabilizing effects for PEI against a gram‐positive bacterium, Mycobacterium vaccae 
(21).  However,  the  physiology  of Mycobacterium  spp.  is  not  typical  of  other  gram‐
positive bacteria,  as  they possess  a  lipid bilayer outer membrane  that  is more akin  in 
structure  and  barrier  function  to  that  of  the  gram‐negative  OM  (16).  Although  not 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discussed  extensively  in  light  of  its  role  as  an  enhancer  of  gram‐negative  OM 
permeability,  PEI  is  also  capable  of  chelating  divalent metals,  including  Cu2+  and  Fe2+, 
and has been used in this capacity to protect enzymes against metal‐catalyzed oxidation 
(6). Although the antibiotic or biocide sensitizing properties of PEI have been examined 
thoroughly  for  gram‐negative  bacteria,  it  was  not  clear  what  uptake  enhancement 
activities,  if  any,  PEI  might  have  for  exogenous  compounds  such  as  EOs  when  used 
against  gram‐positive  bacteria,  or  yeasts.  Likewise,  although  the  OM‐permeabilizing 
effects  of  polyP  are  well  known  (38,  39)  its  potential  for  use  as  an  enhancer  of 
compounds  other  than  antibiotics  and  against  organisms  other  than  gram‐negative 
bacteria was not clear prior to our study.  
The  physiological  responses  of  gram‐positive  bacteria  to  challenge  with  polyP 
alone have been well characterized (24, 25). For Bacillus cereus, effects of lower levels 
of  polyP  (0.05%)  included  inhibition  of  growth,  and morphological  changes,  including 
filamentation  and  interference with  septum  formation  (25).  At  higher  concentrations, 
polyP caused lysis of vegetative cells and was also sporicidal (25). With Staphylococcus 
aureus,  0.1%  polyP  caused  leakage  of  intracellular  contents  and  cell  lysis  (24).  These 
effects  have  been  largely  attributed  to  the  ability  of  polyP  to  sequester  structurally 
important divalent cations from gram‐positive bacteria, a notion supported by the fact 
that the inhibitory effects of polyP can be avoided or reversed through the addition of 
divalent metal cations,  such as Mg2+ and Ca2+,  (24, 25, 32, 39).  It  is  important  to note 
that  in  this  work,  we  used  cation‐adjusted  Mueller  Hinton  broth,  a  medium  that  is 
supplemented with both calcium and magnesium at  levels of 20‐25 mg/L and 10‐12.5 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mg/L,  respectively  (per  manufacturer’s  product  data  sheet).  Therefore,  even  greater 
antimicrobial effects of polyP/EO combinations may be possible when these are used in 
cation‐deficient  systems.  As  described  in  “Results”  above,  we  noted  a  color  change 
(from a greenish‐blue hue,  to white or cream)  in P. aeruginosa  lawns grown on plates 
containing  polyP.  The  same  effect  was  not  observed  on  plates  containing  PEI.  P. 
aeruginosa  is well characterized as producing colored metabolites, including pyocyanin 
and other phenazine compounds, which are thought to play a role  in  infection (26).  In 
addition to growth on specific carbon sources or the presence of certain amino acids or 
Krebs  cycle metabolites,  conditions  known  to  stimulate  production  of  pyocyanin  and 
other phenazines include phosphate deficiency or the presence of magnesium ions (26). 
Therefore, it is reasonable to expect that treatment of P. aeruginosa with high levels of 
cation‐chelating  polyphosphate  could  modulate  or  suppress  the  production  of  these 
colored  phenazine  metabolites.  Given  the  assumed  role  of  these  metabolites  as 
infection‐associated virulence factors, treatment of P. aeruginosa with polyP could have 
additional benefits in clinical applications beyond simply increasing susceptibility to EOs 
and other hydrophobic antimicrobials. 
Previous  studies  have  shown  that  gram‐positive  bacteria  are  typically  more 
sensitive to EOs than are gram‐negative bacteria, presumably due to the presence of the 
outer membrane  (OM)  (9).  It  is  known  that  an  intact  gram‐negative outer membrane 
(OM)  represents  an  effective  barrier  against  hydrophobic  antimicrobials  and  that  the 
chelating  activities  of  polyP  and  PEI weaken  the OM  through  removal  of  the  divalent 
cations  that  link adjacent molecules of LPS via electrostatic bridging  (1, 37).  In  light of 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both the known intrinsic resistance of gram‐negatives to EOs and our results that polyP 
and PEI can enhance EO activity against  these bacteria, we hypothesized  that a gram‐
negative  bacterium without  an  intact OM  should  have  increased  susceptibility  to  EOs 
alone. To probe this further, we examined the activities of EOs against a “deep rough” 
(Re chemotype) mutant of S. Minnesota, both with and without the addition of polyP or 
PEI. Re chemotype mutants, such as the S. Minnesota strain used in our work, possess a 
severely  truncated LPS containing only  the 3‐deoxy‐D‐manno‐octulosonate  residues of 
the core oligosaccharide attached to lipid A. These strains are unable to incorporate as 
many proteins  in the OM as wild type cells. These “voids” are subsequently filled with 
phospholipid patches, which act  as  channels  for diffusion of hydrophobic  compounds, 
leading  to  a more gram‐positive‐like  susceptibility phenotype  for deep  rough mutants 
treated with  hydrophobic  antimicrobials  (37,  38).  Although  the  LPS  of  Re  chemotype 
mutants is truncated, divalent cations still play a role in linking the remaining adjacent 
LPS molecules  not  displaced  by  phospholipid  patches.  The  fact  that  treatment  of  the 
rough  mutant  with  polyP  or  PEI  led  to  increased  susceptibility  of  this  strain  to  EOs 
reinforces the notion that chelation of structurally  important metal cations is the chief 
mode of action of these polyion enhancers against gram‐negative cells.  
Work with  EDTA  and  1,10‐o‐phenanthroline  has  shown  that  these  compounds 
inhibit yeast growth by chelating the zinc needed for normal cell wall biogenesis (8). It is 
reasonable to expect that polyP can also readily chelate zinc.  In keeping with this,  the 
polyP preparation used here  (BEKAPLUS FS)  is described  in product  literature as being 
fungistatic, a claim that is also supported by our results for C. albicans. Both polyP and 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clove EO are also known to chelate iron (18, 32). Because iron is an essential nutrient for 
microbial growth (4), sequestration of  iron by polyP/EO combinations may represent a 
secondary  means  for  these  mixtures  to  inhibit  microbial  growth,  beyond  physical 
permeabilization.  
Among the physiological effects that Burt et al., (9) found for carvacrol was that 
this component of thyme and oregano EOs inhibits the formation of flagellin. Cells of E. 
coli O157:H7 exposed  to 1 mM carvacrol were aflagellate  and nonmotile  (9). Because 
bacterial  flagella  mediate  attachment  to  both  host  cells  and  inanimate  surfaces, 
carvacrol may therefore interfere with attachment of bacteria to host or environmental 
surfaces  (10). Polyphosphates are also  thought  to promote detachment of pre‐biofilm 
salivary proteins to tooth enamel or bacteria to food surfaces (17, 35). Combinations of 
polyP  and  EOs  may  therefore  have  promise  as  inhibitors  of  bacterial  attachment 
through a combination of overt physiological effects on cells and physical effects on the 
surfaces to which they are attached.  
In  additional  to  their  direct  activities  as  antimicrobial  enhancers,  functional 
ingredients such as polyP and PEI could also exert important effects from a formulation 
perspective.  For  antimicrobials  to  be  effective  in  foods,  they must  be  available  in  the 
aqueous phase, which is problematic for hydrophobic compounds such as EOs (3). The 
emulsifying properties of polyP may therefore be beneficial  in polyP/EO combinations, 
as polyP could potentially function to promote or stabilize the EO emulsion, minimizing 
the negative effects of phase partitioning on EO availability. 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Finally,  it  is  generally  recognized  that  EOs  are more  effective  antimicrobials  at 
acidic pH values, which may reflect their increased solubility at lower pH or the presence 
of  certain EO components  in higher  concentration  in  their undissociated  form  (9,  40). 
Ultee et  al.,  (36)  suggested  that  the undissociated  form of  carvacrol may behave as a 
mobile  proton/cation  exchanger, whose  action  diminishes  the  pH  gradient  across  the 
cell membrane. In our experiments, addition of polyP or PEI did not affect the pH of the 
CAMBH medium used. CAMBH containing polyP or PEI at  final working concentrations 
maintained  neutral  pH  values  between  7.1‐7.3,  close  to  the  manufacturer’s 
specifications of 7.3, +/‐ 0.1. Because certain phosphates are routinely used in the food 
industry  as  acidulants,  it  would  be  interesting  to  use  these  to  formulate  polyP‐EO 
systems having acidic pH values and to  investigate the antimicrobial activities of these 
low‐pH systems vis‐à‐vis pH‐neutral systems. Alternatively, the final pH of such systems 
could be adjusted using organic acids, which  themselves may have chelating activities 
(3, 41). 
In summary, we have shown that both polyP and PEI can be effectively used at 
sub‐inhibitory levels to enhance the antimicrobial activities of select EOs against gram‐
negative bacteria (E. coli O157:H7, S. Minnesota, P. aeruginosa), gram‐positive bacteria 
(L. monocytogenes and S. aureus) and a pathogenic yeast (C. albicans). Enhancement for 
certain polyion/EO combinations was measurably synergistic. Experiments with a “deep 
rough” mutant of S. Minnesota reinforced the role of the OM in the intrinsic resistance 
of  gram‐negative  bacteria  to  EOs.  The  fact  that  polyP  and  PEI  were  able  to  further 
potentiate  the activities of  EOs against  the  rough mutant  suggests  that polyP and PEI 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target  features  still  present  in  the  rough  mutant,  such  as  magnesium  ions  bridging 
adjacent LPS molecules. The unique properties of polyP and PEI as functional ingredients 
may  confer  additional  benefits  to  polyion/EO  systems  by  facilitating  bacterial 
detachment,  interfering with the production of  infection‐related virulence factors  (e.g. 
pyocyanin) or promoting emulsification and availability of EOs in the aqueous phase of 
matrices  in  which  these  combinations  are  applied.  This  work  extends  what  is  known 
about the antimicrobial‐sensitizing potential of both polyP and PEI for compounds other 
than antibiotics or biocides and suggests a potential role for these polyionic enhancers 
in  effective multicomponent  antimicrobial mixtures  for  use  in  food,  environmental  or 
medical applications. Some combinations, such as polyP and certain EOs also have the 
added benefit of being fully GRAS, which may ultimately facilitate their use in foods or in 
food‐related  applications,  such  as  dips  or  sprays.  Further  work  should  be  done  to 
determine the efficacy of such systems in foods, to examine the capacity of EO/polyion 
combinations  to  address  antimicrobial‐resistant  clinical  strains  (19),  and  to  address 
more basic questions such as how pH or control of the emulsion may affect the behavior 
of polyion/EO systems, with  the ultimate goal of developing systems having  improved 
antimicrobial activities. 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TABLES:  
 
 
Test Organism 
Increase in Zone Size, Relative to Control 
(range of increase, in mm)  
 
              1 % polyP                             50 µg/ml PEI 
P. aeruginosa  6 – 13   1 ‐ 5 
E. coli O157:H7  7 – 21   8 – 22 
L. monocytogenes  8 – 23   9 – 24 
S. aureus  4 – 9   2 – 6 
S. Minnesota (wild type)  8 – 19   1 – 9 
S. Minnesota (deep rough)  9 ‐ 18   6 ‐ 13 
 
Table 1 
 
  Minimum Inhibitory 
Concentration (% v/v oil) 
FIC Index 
(Interpretationb) 
  Control (EO alone)  polyPa   
E. coli O157:H7       
Cinnamon Oil  0.0313  0.0078  0.251 (S) 
Redistilled Oregano Oil  0.0625  0.0313  0.503 (I) 
       
L. monocytogenes       
Cinnamon Oil  0.0625  0.0078  0.126 (S) 
Redistilled Oregano Oil  0.25  0.0313  0.128 (S) 
       
C. albicans       
Cinnamon Oil  0.0156  0.0039  0.253 (S) 
Redistilled Oregano Oil  0.0625  0.0313  0.525 (I) 
a 1% polyP used for bacteria, 0.25% polyP used for C. albicans; b S, synergy;  
I, indifference. 
 
Table 2 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 Minimum Inhibitory Concentration 
(% v/v oil) 
FIC Index 
(Interpretationb) 
  Control (EO alone)  + 50µg/ml PEI   
E. coli O157:H7       
Cinnamon Oil  0.0313  0.0039  0.452 (S) 
Redistilled Oregano Oil  0.0625  0.0156  1.810 (I) 
       
L. monocytogenes       
Cinnamon Oil  0.0625  0.0078  0.842 (I) 
Redistilled Oregano Oil  0.25  0.0156  1.622 (I) 
       
C. albicans       
Cinnamon Oil  0.0156  N/Da  ‐  
Redistilled Oregano Oil  0.0625  N/Da  ‐ 
a Not determined, as PEI alone was inhibitory to C. albicans at 50µg/ml; b S, synergy; I, 
indifference. 
 
Table 3 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FIGURE LEGENDS: 
Figure 1. Zones of inhibition (mm) for six essential oils against E. coli O157:H7 ATCC 
35150, alone and in the presence of polyP (1%) or PEI (50 µg/ml). For each essential oil, 
treatments having the same letter are not significantly different (p <0.05).  
 
Figure 2. Zones of inhibition (mm) for six essential oils against P. aeruginosa ATCC 
27853, alone and in the presence of polyP (1%) or PEI (50 µg/ml). For each essential oil, 
treatments having the same letter are not significantly different (p <0.05).  
 
Figure 3. Zones of inhibition (mm) for six essential oils against L. monocytogenes F6854, 
alone and in the presence of polyP (1%) or PEI (50 µg/ml). For each essential oil, 
treatments having the same letter are not significantly different (p <0.05).  
 
Figure 4. Zones of inhibition (mm) for six essential oils against S. aureus ATCC 29523, 
alone and in the presence of polyP (1%) or PEI (50 µg/ml). For each essential oil, 
treatments having the same letter are not significantly different (p <0.05).  
 
Figure 5. Zones of inhibition (mm) for six essential oils against S. Minnesota SLH154 
(wild type clinical isolate), alone and in the presence of polyP (1%) or PEI (50 µg/ml). For 
each essential oil, treatments having the same letter are not significantly different (p 
<0.05). 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Figure 6. Zones of inhibition (mm) for six essential oils against S. Minnesota R613 (“deep 
rough”, Re chemotype), alone and in the presence of polyP (1%) or PEI (50 µg/ml). For 
each essential oil, treatments having the same letter are not significantly different (p 
<0.05).  
 
Figure 7. Zone of inhibition obtained for cinnamon oil against C. albicans ATCC 90028 
treated with a subinhibitory level (5 µg/ml) PEI. ZOI for cinnamon‐only control (plate on 
left) was 40 mm. Treatment with 5 µg/ml PEI (plate on right) yielded a ZOI of 52 mm (12 
mm increase in zone size). These data show that susceptibility of C. albicans to EOs can 
be effectively enhanced using 10‐fold less PEI than found to be effective as an enhancer 
for bacteria. 
 
TABLE LEGENDS: 
Table 1. Summary of increases in zone size for test organisms treated with 1% polyP or 
50  µg/ml  PEI.  For  each  test  organism, minimum and maximum  increases  in  zone  size 
(mm) are listed as a function of the enhancer used.  
 
Table 2. Fractional Inhibitory Concentration (FIC) indices and interpretations (synergy or 
indifference) for E. coli O157:H7 ATCC 35150, L. monocytogenes F6854 and C. albicans 
ATCC  90028  treated with  cinnamon  oil  or  redistilled  oregano  oil,  with  or without  1% 
polyP. 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Table 3. Fractional Inhibitory Concentration (FIC) indices and interpretations (synergy or 
indifference) for E. coli O157:H7 ATCC 35150 and L. monocytogenes F6854 treated with 
cinnamon oil or redistilled oregano oil, with or without 50 µg/ml PEI. 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CHAPTER 5. WIDE‐SPECTRUM BIOMIMETIC ANTIMICROBIAL SYSTEMS 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ABSTRACT 
Antimicrobial peptides (AMPs) are effective components of the host  immune response 
and  are  widely  distributed  throughout  nature.  Recently,  nontoxic  antimicrobial 
polymers that mimic the structures of naturally occurring AMPs have been designed and 
are  under  development  commercially  as  novel  therapeutics.  These  compounds  have 
several potential advantages over natural AMPs, including greater stability and reduced 
immunogenicity compared to natural peptides, relatively simple and scalable syntheses 
and the ability to tailor or “fine tune” their activities through combinatorial approaches. 
In previous work, the utility of certain generally regarded as safe (GRAS) flavorant and 
aroma compounds as enhancers of uptake and activity of clinically important antibiotics 
was  demonstrated  (Brehm‐Stecher  and  Johnson,  2003).  Here,  we  have  extended  this 
approach  to  include  enhancement  of  biomimetic  antimicrobial  polymers.  Three  low 
molecular  weight  (<1,000D),  broad‐spectrum  arylamide  polymers  (PolyMedix,  Inc., 
Radnor,  PA)  were  examined  for  their  antimicrobial  activities  against  gram‐negative 
bacteria, gram‐positive bacteria, yeast and filamentous fungi, both alone and when co‐
administered  with  sesquiterpenoid  enhancers.  Assay  formats  included  disk  diffusion, 
automated  turbidimetry,  time  course  (kinetic)  plating  of  antimicrobial‐treated  cell 
suspensions  and  outer  membrane  assays  with  1‐N‐phenylnaphthyl‐amine  (NPN). 
Although results differed according to the polymer and test organism used, treatments 
containing sesquiterpenoids were marked either by  increased ZOIs, decreased MICs or 
more  rapid  inactivation when  compared with  polymer‐only  treatments.  Antimicrobial 
activity, expressed as decimal reduction times (D‐value) showed that after 5 minutes the 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combination  of  sesquiterpenoid  and  polymer  were  significantly  different  from  the 
controls  (p<0.05) with a D‐value of 3.92 minutes when  incubated with Escherichia coli 
ATCC 25922.  Collectively, our results indicate that the combination of sesquiterpenoid 
enhancing  agents  with  biomimetic  antimicrobial  polymers  shows  promise  for  the 
development of new, faster‐acting and more broadly effective antimicrobial therapies. 
 
INTRODUCTION 
The  recent  discovery  of  the  widespread  distribution  of  antimicrobial  peptides  in 
multicellular  organisms  and  their  essential  role  in  host  defense  mechanisms  has 
uncovered novel possibilities for therapeutics.  Despite the sequence‐based diversity of 
these  peptides  among  organisms,  recent  work  has  revealed  surprising  similarities 
between  conserved  structures  and  antimicrobial  function.  Many  of  the  peptides 
demonstrating  substantial  antimicrobial  activity  share  similar  “facially‐amphiphilic” 
structures (Hancock and Rozek, 2002; Yeaman and Yount, 2003).   
Antimicrobial  activity  depends  largely upon  the  interaction with  the negatively 
charged bacterial  surface, which  is  the  initial  target  for peptide contact,  leading  to an 
induction of  amphiphilic  structure  formation.    In  gram‐negative bacteria,  the peptides 
first interact with the outer membranes that are rich in lipopolysaccharides (LPS) while 
in  gram‐positive  bacteria  they  transverse  the  negatively  charged  peptidoglycan  layer 
rich  in  teichoic  and  teichuronic  acids  (Shai,  2002;  Yeamon  and  Yount,  2003;  Zasloff, 
2002).  The outer membrane present in gram‐negative bacteria results in an additional 
permeability barrier that may impart increased resistance to certain antimicrobials.  The 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basis for the integrity of the outer membrane is a result of the lipopolysaccharide (LPS) 
surface which can potentially bind compounds and decrease their permeability into the 
interior  of  the  cell  (Vaara,  1992).    This  decreased  entrance  into  the  cell  has  been 
exploited  by  knowledge  as  to  the  action  of  antimicrobial  peptides.  These  unifying 
structure‐function  relationships  among  antimicrobial  peptides  have  spurred  the 
development  of  synthetic  mimics  of  these  natural  peptides  in  polymeric  and  small 
molecule forms.  Recently, de novo design of facially amphiphilic biomimetic arylamide 
polymers have been created that show antimicrobial activity against a range of bacteria 
based  on  hydrophobicity  and  charge  of  the  side  chains  (Tew,  et  al.,  2002).  
Polymethacrylate derivatives have also been designed and evaluated for key biological 
properties  that  impact  antimicrobial  activity  therefore  allowing  for  the  design  of 
synthetic polymers that are inexpensive to produce (Kuroda and DeGrado, 2005).   This 
highlights  one  of  the  advantages  of  biomimetic  polymers  over  natural  peptides, 
including their lower cost of production and the ability to scale synthesis to industrially 
relevant production outputs.  The insights gained from studies on antimicrobial peptides 
may  provide  new  strategies  and  templates  for  the  development  and  design  of  novel 
biomimetics that may be used in therapeutic pharmaceutical and food applications.  
 As  these  mimics  target  the  cell  membrane  (a  highly  conserved  target), 
widespread microbial  resistance  is not expected  to develop  toward  these compounds.  
This  feature  is  important  due  to  the  increasing  incidence  of  bacterial  resistance  to 
conventional  antibiotics,  which  typically  function  by  inhibiting  key  bacterial  enzymes.  
Bacteria  can  evade  these  mechanisms  and  develop  resistance,  however  targeting  of 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central  structural  features by  antimicrobial  peptides makes  them more potent due  to 
the  decreased  potential  for  resistance  to  develop  (Lockwood  and  Mayo,  2003).    In 
addition, the ability of these mimics to exploit a separate pathway for antimicrobial or 
antibiotic  uptake  allow  for  their  effectiveness  against  a  broad  spectrum  of 
microorganisms,  including  gram‐negative  bacteria  and  fungi.    Traditional  antibiotics 
typically  have  a  limited  spectrum  of  activity  that  decreases  their  potential  range  for 
applications,  especially  relating  to  the  additional  selectivity  barrier  inherent  in  gram 
negative  bacteria  (Hancock,  1997;  Hancock,  2001;  Hancock  &  Rozek,  2002;  Zasloff, 
2002).  By targeting the membrane instead of specific metabolic pathways or enzymes, 
resistance  issues  may  be  avoided  and  the  potential  for  an  increased  antimicrobial 
spectrum of activity may be created.     
While  these  novel  biomimetics  have  desirable  properties,  their  antimicrobial 
activity  may  still  be  lessened  against  gram  negative  bacteria  due  to  the  extra  outer 
membrane. However,  certain  compounds which  alone might  have weak  antimicrobial 
properties have been shown to sensitize gram‐negative bacteria to antimicrobial agents 
by  disrupting  the  outer  membrane  (Vaara,  1992).  GRAS  sesquiterpenoids  have 
previously  been  shown  to  be  effective  antimicrobial  enhancing  agents,  especially  for 
membrane‐targeted  antimicrobials  (Brehm‐Stecher  and  Johnson,  2003).  Because  the 
biomimetic  polymers  used  here  act  primarily  at  microbial  membranes,  we  sought  to 
combine  them with  sesquiterpenoid  enhancers  in  order  to  create  new,  highly  potent 
antimicrobial formulations. 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MATERIALS AND METHODS 
Culture  of  Microorganisms.  Escherichia  coli  ATCC  25922  and  Staphylococcus  aureus 
ATCC  29523  were  cultured  in  Cation  Adjusted  Mueller  Hinton  Broth  (MH)  (Becton 
Dickinson and Company, Franklin Lakes, N.J.) as recommended by CLSI for bacteria that 
grow  aerobically  (M7‐A4).  Trichophyton  mentagrophytes  ATCC  (9533)  was  prepared 
according  to  CLSI  recommendations  for  filamentous  fungi  (M38‐A) with  the  following 
modifications.    Fungi  were  grown  on  CAMHA  at  35°C  for  7  days  to  produce  conidia 
(Santos et al., 2006).  The conidia were recovered by wetting a loop with Tween 20 and 
transferring the loopful of conidia into 5 ml of sterile saline (0.9%).  After the mixture of 
conidia  and  hyphal  fragments  was  allowed  to  settle  for  15‐20  minutes  at  room 
temperature, the upper suspension was transferred to a sterile tube (Espinel‐Ingroff and 
Canton, 2007). Candida albicans ATCC (90028) was also cultured in RPMI 1640 standard 
broth according to CLSI guidelines (M27‐A) overnight at 35°C. 
 
Antimicrobial Polymers and Sesquiterpenoids: Biomimetic antimicrobial polymers were 
sourced from PolyMedix, Inc. (Radnor, PA).  The polymers used were polymethacrylates 
arylamide oligomers (M.W. <2.000) and included butyl methacrylate (PMX 50001), butyl 
methacrylate  with  a  different  percent  composition  of  monomers  (PMX  50003),  and 
ethyl  methacrylate  (PMX  50004).  The  difference  in  percent  composition  of  each 
monomer was  in  the  co‐polymerization  and  therefore  presumed  in  the  final  product. 
Stock solutions of the polymers at 10mg/mL were prepared in 1:1 methanol and water 
and stored at ‐20°C under dry conditions.  The sesquiterpenoids, bisabolol, farnesol and 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nerolidol,  were  sourced  from  Sigma‐Aldrich  (St.  Louis,  MO)  with  stock  solutions 
prepared at 10,000 µM in propylene glycol (DOW Chemical Company, Midland, MI). 
 
Agar Diffusion: The endpoint disk diffusion assay was used as a measure to determine 
the ability of sesquiterpenoids to sensitize culture organisms to antimicrobial polymers.  
Methods were followed as recommended by CLSI (M2‐A9) with modifications described 
briefly.  Cells were grown overnight (24 hours) at 30°C or 35°C in CAMHB with dilution in 
neutral phosphate buffer.   An aliquot was combined with a 0.7% Mueller Hinton agar 
overlay  tempered  to  50°C  to  achieve  a  final  inoculum  size  of  106  cfu/mL.  
Sesquiterpenoid  stock  solutions  in  propylene  glycol  were  added  in  appropriate 
combinations  to  the  cell‐overlay  mixture  to  a  final  concentration  of  200  µM.    The 
mixture  was  immediately  poured  over  hardened  CAMHA  in  60‐mm  diameter  petri 
dishes. Sterile paper disks (BBL, Becton Dickson and Company, Franklin Lakes, NJ) were 
applied  an  aliquot  of  the  antimicrobial,  placed  on  the  hardened  agar  overlays  and 
incubated  at  the  appropriate  temperature  for  24  hours.    Diameters  of  zones 
(millimeters)  taken  as  a  measure  of  antimicrobial  activity  were  measured  from  the 
bottom of each plate following incubation.  Here, as in the rest of the assays, each value 
is  the  average  of  triplicate  plates  in  each  experiment,  with  each  experiment  being 
repeated three times.  
 
Minimum  Inhibitory  Concentrations:  The  minimum  inhibitory  concentrations  (MICs) 
were  determined  using  a  Bioscreen  C  (Labsystems,  Helsinki,  Finland).    The  Bioscreen 
 197 
Microbial Growth Analyzer is a self‐contained microbial incubation and analysis unit that 
can  evaluate  changes  in  turbidity  of  up  to  200  samples  (2  x  100 multichannel  plates) 
over  time,  ranging  from  several  hours  to  several  days.    Antimicrobial  dilutions  were 
carried  out  as  described  previously  (Lambert,  et  al.,  1998)  with  modifications  briefly 
explained for the enhancement with sesquiterpenoids.  In these assays, stock solutions 
were made into CAMHB with final antimicrobial dilutions ranging from 125 µg/mL to 0.5 
µg/mL.  In  combination  assays  with  sesquiterpenoids,  stock  solutions  were  again 
prepared  in  CAMHB with  a  final  sesquiterpenoid  concentration  of  100  µM.    A  set  of 
control wells was prepared for each experiment with CAMHB added to the control wells 
to bring the final volume in all wells to the same volume.  The plates were incubate in 
the  Bioscreen  for  24  hours  at  30°C  for  bacteria  and  35°C  for  yeasts  and molds  with 
optical  density  measurements  (600nm)  taken  every  15  minutes,  with  shaking  10 
seconds  prior.    Minimum  inhibitory  concentrations  were  defined  as  the  lowest 
concentration  of  antimicrobial  that  completely  inhibited  growth  (OD  increase  ≤  0.05) 
(Branen and Davidson, 2004).  
 
Antimicrobial  kinetics: The kinetics of antimicrobial  killing was performed  to measure 
the  enhanced  susceptibility  of  target  culture  cells  to  antimicrobial  agents  in  the 
presence  of  the  sesquiterpenoids  and  to  quantify  the  speed  and  extent  to which  the 
inactivation occurred.   Polymers were added to overnight culture cells at 31.25 µg/mL 
with sesquiterpenoids being added to the system at 200 µM.  Aliquots were removed at 
specific time intervals (0, 5, 10, 15, 30 min) for E. coli and (0, 30, 60 min) for C. albicans 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with  immediate dilution  in D/E  (Dey/Engley) Neutralizing broth  (Becton Dickinson and 
Company, Franklin Lakes, N.J.) to prevent residual effects of the antimicrobials. A 0.01ml 
aliquot  of  each  dilution  was  track  plated  on  D/E  Neutralizing  agar  according  to  the 
guidelines of  Jett, et al., 1997, and  incubated for 24 hours at 30°C or 35°C.   Following 
incubation, survival rates were based on survival comparisons to the untreated bacterial 
control.  D‐values for treatments over time were calculated from the survivor curves by 
plotting the surviving population (log10) against antimicrobial treatments at each time 
point.  The equation of the best‐fit line was obtained through linear regression analysis.  
The D‐values were determined as the interval of time required for the survivor curve to 
provide a one decimal logarithm (1‐log10), or 90%, reduction in the initial viable bacterial 
population.  This is graphically equivalent to the negative inverse slope of the regression 
line    (Mossel,  et  al.,  1995;  Jay,  2000).    Both  surviving population  counts  and D‐values 
were analyzed using the General Linear Model Procedure of SAS statistical software (SAS 
Institute  Inc.,  Cary,  NC).    Comparisons  between  treatments  were  made  by  Tukey’s 
student range test (P<0.05). 
 
D/E Neutralization Test: A D/E agar neutralization test was performed according to the 
Difco  and  BBL  Manual  of  Microbiological  Culture  Media  with  modifications  briefly 
described.    Test  organisms  were  grown  overnight  and  diluted  in  neutral  phosphate 
buffer.  An aliquot of the bacterial culture was combined with a 0.7% agar overlay and 
immediately poured over hardened D/E Neutralizing Agar.  The agar plates were swirled 
to ensure even distribution of the test organism throughout the overlay.  Sterile paper 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disks  (BBL,  Becton  Dickson  and  Company,  Franklin  Lakes,  NJ)  were  applied  with  the 
antimicrobial,  placed  on  hardened  agar  overlays  and  incubated  overnight.    Zones  of 
inhibition were compared to zones seen on simultaneous tests of antimicrobial activity 
on CAMHA.   D/E Neutralizing agar exhibited no zones of  inhibition when compared to 
the activity on CAMHA, suggesting  that  the antimicrobial activity was neutralized, and 
residual activity was minimized.          
 
Outer  Membrane  Permeabilization:  Permeabilization  of  the  outer  membrane  was 
determined by a 1‐N‐phenylnaphthyl‐amine  (NPN)  assay as described by  Sugiarto  and 
Yu, 2007, with modifications described briefly.  E. coli cells were centrifuged at 2,000 x g 
for 5 minutes and resuspended  in neutral phosphate buffer at 107 cfu/mL.   Cells were 
placed  in  a  1‐cm  cuvette,  and  changes  in  fluorescence  were  monitored  with  a  Cary 
Eclipse  fluoromiter  (Varian)  at  an  excitation  wavelength  of  350  nm,  an  emission 
wavelength  of  420  nm  and  slit  widths  of  5  nm.    The  background  fluorescence  was 
monitored  for  10  seconds  before  addition  of  NPN  at  a  final  concentration  of  10  µM.   
PMX 50003 (31.25 µg/mL) and nerolidol (100 µM) were tested alone and in combination 
for their ability to permeabilize cells to NPN.   
 
Transmission  Electron  Microscopy:  For  TEM  visualization,  the  polymer,  50003  was 
added  to  overnight  culture  cells  at  31.25  µg/mL  with  nerolidol  being  added  to  the 
system at 100 µM.  Aliquots were removed at specific time intervals (0, 5, 15 min) and 
fixed  for  15  min  at  25ºC  with  the  addition  of  EM‐grade  glutaraldehyde  (2.5%  final 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concentration, Sigma‐Aldrich).  Samples were shipped to the University of Iowa’s Central 
Microscopy Research Facility (Iowa City, IA) for additional preparation prior to TEM.  
 
RESULTS 
Agar  Diffusion:  Bisabolol,  farnesol  and  nerolidol  enhanced  the  activity  of  all  three 
polymers tested against E. coli, S. aureus and C. albicans, with farnesol being the most 
effective enhancer.   Nerolidol and bisabolol showed similar enhancing potential at the 
levels tested for all three organisms.   When the sesquiterpenoids were combined with 
the polymers, the lawns became less dense compared to the controls for S. aureus. The 
addition of the sesquiterpenoids increased the zones of inhibition along with an overall 
general  clearing  of  the  bacterial  lawn.    This  could  be  evidence  of  slight  intrinsic 
antimicrobial activity that has been shown to be present in the sesquiterpenes farnesol 
and nerolidol.  Farnesol  and nerolidol have both previously been  shown  to  reduce  the 
initial  S.  aureus  viable  cell  load  on  a  dose‐dependent  basis  with  the  proposed 
mechanisms being cell membrane damage (Inoue, et al., 2004).     
 
Minimum  Inhibitory  Concentrations:  MICs  of  the  biomimetic  antimicrobial  polymers 
alone and in combination with sesquiterpenoids are presented in Table 1.  Results of the 
negative controls containing either 1:1 methanol and water or propylene glycol at  the 
highest  final  concentration  in  the  system  indicated  an  absence  of  inhibition  for  all 
organisms tested (data not shown).  All of the polymers exhibited antimicrobial activity 
against the four organisms tested with MICs ranging from 15.63 µg/mL to 62.5 µg/mL. 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The polymers alone were overall most effective against the gram positive S. aureus with 
50003  exhibiting  the  greatest  antimicrobial  activity  (MIC  15.63  µg/mL).  The 
enhancement with  sesquiterpenoids  against S.  aureus was  the  greatest with  farnesol, 
exhibiting  a  4‐fold  increase  in  activity while  bisabolol  and  nerolidol  each  had  a  3‐fold 
increase.  PMX  polymer  50001  had  the  same  MIC  alone  as  PMX  50004  however 
enhancement was  not  as  profound with  50001.    All  polymers  had  higher MIC  values 
against  the yeast and mold, C. albicans and T. mentagrophytes, with enhancement by 
the  sesquiterpenoids  being  greater  for  T.  mentagrophytes  in  all  cases  except  for  the 
combination of 50003 and farnesol on C. albicans.  The lower MIC values for 50003 and 
increased enhancement in the presence of the sesquiterpenoids as compared to 50001 
highlights the potential  importance of monomer composition since the only difference 
between these two butyl methacrylate polymers being their composition of monomers. 
This  could  indicate  the  significance  that  different  compositional  arrangements  could 
play  in both antimicrobial activity and  in  the potential  increased uptake by cells when 
combined in formulations.      
 
Antimicrobial kinetics:  Kinetics of inactivation methods resulted in an immediate one‐
log reduction of E. coli growth when PMX 50003 was combined with 200 µM nerolidol.  
Decimal reduction times were used to indicate the effects of combinations on enhancing 
antimicrobial activity (Table 2).  The combination of PMX 50003 and nerolidol had a D‐
value  of  3.9  minutes  compared  to  either  50003  (88.4  minutes)  or  nerolidol  (261 
minutes)  when  assayed  alone.    After  5 minutes,  there was  a  significant  difference  in 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survivor  counts  between  the  combination  of  polymer  and  nerolidol  and  either  of  the 
control polymer or sesquiterpenoid alone.  This significant difference remained through 
the  entire  30‐minute  assay  with  a  continued  decrease  in  survivor  counts  for  the 
combination  throughout  (Figure  1).    Kinetics  of  inactivation  with  C.  albicans  showed 
similar  trends  however  the  extent  of  inactivation was  not measured  over  60 minutes 
due to the slower inactivation of C. albicans at sub‐inhibitory concentrations with PMX 
50004  (31.25  µg/mL).    The  combination  of  50004  and  bisabolol  caused  a  one‐log 
reduction in survivor counts of C. albicans within 12.7 minutes compared to 50004 (47.4 
minutes) and bisabolol (123 minutes) alone (Table 3).  The combination after 30 minutes 
was  also  significantly  different  from  the  individual  compounds  indicating  that  the 
combination had increased activity over each component alone (Figure 2).     
 
Outer  Membrane  Permeabilization:  NPN  was  used  as  an  indicator  of  OM 
permeabilization.  When embedded in a more hydrophobic environment, the quantum 
yield of NPN increases, making it an effective reporter of OM damage.  Components in 
the  assay  were  added  in  a  step‐wise  sequential  order  to  depict  the  impact  of  each 
compound  on OM permeabilization.    This method  showed  that  NPN  alone  had  some 
inherent fluorescence.  Further addition of nerolidol only resulted in a slight increase in 
this  baseline  fluorescence.  When  PMX  50003  was  added  alone  with  NPN, 
permeabilization  again  was  only  marginally  increased.    Permeabilization  occurred 
gradually over  time and  reached a maximal  value  after  120  seconds.    The addition of 
NPN,  followed  by  50003,  and  then  nerolidol,  resulted  in  the  same  patterns  of 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fluorescence increase for NPN and 50003; subsequent addition of nerolidol resulted in a 
dramatic increase in fluorescence output.   
 
Transmission  Electron  Microscopy:  Further  indications  of  membrane  damage  and 
changes  in  bacterial  structure  were  determined  through  the  use  of  TEM.    Control 
treatments of 50003 (31.25 µg/ml) and nerolidol (100 µM) were included as comparison 
to  the combination  treatment effects.    Images  showed  that  the  level of nerolidol,  the 
enhancing agent, was subinhibitory as bacterial cells resembled those of the control E. 
coli with no evident changes at all time points.  Slight changes in the internal structure 
were seen with the polymer alone at 5 and 15 minutes, highlighted by dark condensates 
in  the  interior  of  the  cell.    This  could  be  evidence  of  condensation  of  cytoplasmic 
contents due to the action of the polymer.  However, when in combination, the polymer 
and sesquiterpenoid appeared to result  in greater internal changes when compared to 
either compound alone.  There was also potential evidence of changes to the membrane 
structure, yet this was not conclusive based on these images.  
 
DISCUSSION: 
This study demonstrates antimicrobial activities of biomimetic polymers against a broad 
range  of  microorganisms.    In  addition,  the  enhancement  effects  of  sesquiterpenoids, 
previously proven effective in combination with clinically important antibiotics (Brehm‐
Stecher and Johnson, 2003), have been extended to include these polymers, leading to 
the  production  of  dramatically  effective  binary  antimicrobial  combinations.    All  three 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polymers exhibited antimicrobial activity against both gram positive and gram negative 
bacteria as well as against representative fungi and molds, with substantial increases in 
activity demonstrated in the presence of all three different sesquiterpenoids.   
Additional  experiments  determined  that  the  combination  of  polymers  and 
sesquiterpenoids significantly decreased  initial contact  time necessary  for  inhibition of 
growth  when  compared  to  controls.    Further  analysis  of  the  mechanisms  of  action 
showed that penetration of the outer membrane was increased in the presence of the 
sesquiterpenoids, pointing to increased permeability as a mechanism for the increased 
activity of  the polymers when used  in  combination.    This  continued  research  into  the 
effectiveness, stability and cell toxicity of biomimetic antimicrobial polymers alone and 
in  combination  with  enhancing  agents  may  ultimately  lead  to  new  antimicrobial 
formulations  capable  of  inactivating  a  wide  spectrum  of  infectious  agents.    These 
formulations  are  expected  to  be  of  use  both  in  clinical/therapeutic  applications  and 
potentially, in food‐related applications, such as improved, wide‐spectrum sanitizers. 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FIGURE LEGENDS 
Figure 1. NPN uptake assay with PMX 50003 and nerolidol using E. coli ATCC 25922.  
Time course of increase in NPN uptake with 50003 (31.25 µg/mL), nerolidol (200 µM) or 
the  combination.    NPN  at  10  µM  was  added  at  10  seconds  and  allowed  to  stabilize 
before addition of either nerolidol or 50003 at 30 seconds.  When used in combination, 
the  second  component  was  added  at  50  seconds.    Enhanced  uptake  of  NPN  was 
measured by an increase in fluorescence, the result of partitioning of NPN into the outer 
membrane.     
 
Figure  2:  TEM  images  of  E.  coli  ATCC  25922  with  PMX  50003  and  nerolidol.    TEM 
images of E.  coli membrane damage and  internal  changes  as  a  result  of  treatment  to 
50003 (31.25 µg/ml), nerolidol (200 µM) or the combination.  Compounds were added 
and  removed  at  0,  5,  15 minutes,  followed  by  fixation  in  glutaraldehyde  and  further 
prepared for TEM image analysis. 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Table  1.  Minimum  Inhibitory  Concentrations  of  PMX  polymers  and  enhancement  by 
sesquiterpenoids against select microorganisms.  
 
E. coli ATCC 25922 
Minimum Inhibitory Concentration (µg/mL) 
Polymer   Sesquiterpenoid (100µM) 
 
 
Control  + Bisabolol  + Farnesol  + Nerolidol 
50001  31.3  15.6  7.8  15.6 
50003  31.3  3.9  1.9  3.9 
50004  62.5  3.9  3.9  3.9 
 
 
S. aureus ATCC 25923 
Minimum Inhibitory Concentration (µg/mL) 
Polymer   Sesquiterpenoid (100µM) 
 
 
Control  + Bisabolol  + Farnesol  + Nerolidol 
50001  31.3  15.6  3.9  15.6 
50003  15.6  3.9  0.98  3.9 
50004  31.3  3.9  0.98  3.9 
 
 
C. albicans ATCC 90028 
Minimum Inhibitory Concentration (µg/mL) 
Polymer   Sesquiterpenoid (100µM) 
 
 
Control  + Bisabolol  + Farnesol  + Nerolidol 
50001  62.5  31.3  31.3  31.3 
50003  31.3  15.6  7.8  15.6 
50004  62.5  31.3  31.3  31.3 
 
 
T. mentagrophytes ATCC 9533 
Minimum Inhibitory Concentration (µg/mL) 
Polymer   Sesquiterpenoid (100µM) 
 
 
Control  + Bisabolol  + Farnesol  + Nerolidol 
50001  62.5  15.6  15.6  31.3 
50003  31.3  7.8  15.6  15.6 
50004  62.5  15.6  15.6  31.3 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Table  2.  Enhancement  of  E.  coli  ATCC  25922  inactivation  with  PMX  polymer  50003 
(31.25 µg/ml) and nerolidol (200 µM). 
Time (min)  Survivor Counts1 (log10CFUml
‐1) per treatment time 
D‐Value2 
(min) 
 
 
0  5  10  15  30   
50003  8.75ab  8.69a  8.65a  8.64a  8.59a  88.4x 
Nerolidol  8.83a  8.80a  8.79a  8.79a  8.77a  261y 
50003 + 
Nerolidol 
8.21b  5.42b  4.85b  4.12b  3.99b  3.9z 
1 Survivor counts were reported as mean values of three replications 
2 Decimal reduction time (D‐value) is the unit time of exposure that will results in a 
single log10 reduction in E. coli population 
 
a,b, Microbial counts at individual time points followed by the same letters at each time 
point are not significantly different  at (p>0.05). 
x,y,z D‐values followed by the same letters are not significantly different (p>0.05). 
 
Table 3. Enhancement of C. albicans ATCC 90028 inactivation with PMX polymer 50004 
(31.25 µg/ml) and bisabolol (200 µM). 
Time (min)  Survivor Counts1 (log10CFUml
‐1) per treatment time  D‐value (min) 2 
  0  30  60   
50004  6.93a  6.66a  6.38a  47.4xy 
Bisabolol  7.03a  6.90a  6.75a  123x 
50004 + 
Bisabolol 
6.88a  5.41b  5.05b  12.7y 
1 Survivor counts were reported as mean values of three replications 
2 Decimal reduction time (D‐value) is the unit time of exposure that will results in a 
single log10 reduction in C. albicans population 
 
 
a,b, Microbial counts at individual time points followed by the same letters at each time 
point are not significantly different at (p>0.05). 
x,y D‐values followed by the same letters are not significantly different (p>0.05). 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ABSTRACT 
Nanoscale metal particulates are of interest in many sectors of industry, as they present 
a  large  effective  surface  area  available  for  physical  interaction  and  chemical  reaction. 
One  example  is  the  use  of  metal  nanoparticles  as  catalysts  in  energy‐related 
applications. Certain metals, including copper and silver, have been previously shown to 
possess  broad‐spectrum antimicrobial  activities,  either  in  ionic  form  in  solution,  or  as 
macrometallic  surfaces  (Borkow  and  Gabbay,  2005;  Noyce  et  al.,  2006).  Recent  work 
with  copper  and  silver  nanoparticles  has  demonstrated  their  utility  as  effective 
antimicrobial agents (Sondi et al., 2004; Stoimenov et al., 2002). Due to their subcellular 
size and large available surface area, these particles are able to interact effectively with 
discrete  microbial  surfaces,  yielding  distinct  advantages  as  antimicrobials  over 
macrometallic surfaces. In this work, we examined the antimicrobial activities of several 
commercially  available  nanoparticles  sold  as  catalysts  for  energy‐related  applications. 
The particles examined included copper, silver and a novel copper‐silver alloy. Methods 
used  included  automated  turbidimetry,  time  course  plating,  scanning  electron 
microscopy and flow cytometry. Particles were examined in both a rich nutrient medium 
(Mueller‐Hinton broth) and a simple buffer system (phosphate buffered saline [PBS] ). In 
the  broth  system,  the  alloy  particles  were  most  antimicrobial,  having  a  minimum 
inhibitory concentration (MIC) of 250 ppm, compared to copper (1000 ppm) and silver 
(500 ppm).  Interestingly, a 50:50 (w/w) mixture of copper and silver particles was  less 
effective (MIC of 500 ppm) than the copper‐silver alloy, suggesting unique cooperative 
effects  of  the  two  metals  when  present  in  alloy  form.    In  the  buffer  system, 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antimicrobial activities  increased for all of  the nanoparticle systems, as determined by 
timecourse plating.   However,  in  this system,  the copper particles showed the highest 
antimicrobial activity. The general trend toward increased activities, and the surprising 
effectiveness of the copper particles  in the buffer system likely resulted from a lack of 
solute‐mediated particle aggregation and a lack of charge‐shielding in this system. This 
latter  effect  may  have  been  especially  important  for  the  copper  particles,  as  they 
possess  a  substantial  oxide  layer  on  their  surfaces.  Finally,  experiments  coupling  flow 
cytometry with use of the respiratory substrate 5‐cyano‐2,3‐ditolyl tetrazolium chloride 
(CTC) resulted in  inhibition of cellular respiration by the copper‐silver alloy, suggesting a 
potential mechanism of action for these particles. Together, our work demonstrates the 
potential of these metallic nanoparticles as novel antimicrobial agents and suggests that 
additional  preparations having unique biological  activities may be possible  by  alloying 
together two or more metallic species. 
 
INTRODUCTION: 
The  antimicrobial  activities  of  silver  and  copper,  especially  in  ionic  form,  have  been 
recognized since ancient times. The use of copper in paints or the use of active metallic 
coatings  to  create  self‐disinfecting  surfaces  for  medical  instruments  or  food  contact 
surfaces  exemplifies  the  uses  of  these  metals  as  antimicrobials  today  (Borkow  and 
Gabbay,  2005;  Noyce,  et  al.,  2006).  With  the  advent  of  nanotechnology,  the  unique 
benefits  of  nanoparticulate  preparations  of  these  and  other  metals  are  beginning  to 
emerge, especially in energy markets, where the dramatic increases in available surface 
 215 
area  for  nanoparticles  vs.  macrometallic  surfaces  makes  these  particles  excellent 
choices  as  catalysts.  Similar  surface  area‐related  benefits  may  extend  to  other 
applications,  including  the  use  of  these  particles  as  antimicrobials.  As  a  result  of  the 
increased focus on employing nanotechnology into many aspects of science, the activity 
of  these already proven antimicrobial metals may be potentially  increased due  to  the 
ability  to  create  specifically  designed  structure  and  surface  properties  through 
incorporation of nano‐sized metal particles (Sondi and Salopek‐Sondi, 2004).   
In addition to the use of single metals, formulation of homogenous metal alloys 
may lead to further improvements in catalytic or antimicrobial activities. The production 
of alloys with varying metal combinations coupled with nanotechnology could allow for 
new systems with unique properties.  The characterization of the mode of action of the 
nanoparticles  is  important  for  determination  of  the  interactions  occurring  at  the 
bacterial membranes due to this being the initial factor necessary for potential activity 
(Stoimenov, et al., 2002). In this work, we sought to rank the antimicrobial activities of 
three  different  nanoparticulate  metal  catalysts,  including  one  novel  alloy.  We  also 
sought to  investigate the mechanisms of action underlying the antimicrobial effects of 
these particles using both biochemical and physical approaches. 
 
MATERIALS AND METHODS 
Culture of Microorganisms and Nanoparticles: Escherichia coli ATCC 25922 was grown 
on  divalent,  cation‐adjusted Mueller Hinton  (CAMH)  (Becton Dickinson  and Company, 
Franklin  Lakes, N.J.)  agar plates or  in broth at 30°C.   Nanoparticles  (QSI‐Nano copper, 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silver  and  50:50  alloy  of  copper  and  silver) were  sourced  from Quantum  Sphere,  Inc. 
(Santa  Ana,  CA)  as  uniform  black  powders.  These  particles  were  produced  by  vapor 
condensation.  According to company literature, copper particles have an average core 
of 10‐70 nm and a copper/oxide shell coating of ≥0.5 nm.  Silver particles are reported 
to have an average particle size range of 10‐60 nm. Stock suspensions (5% w/vol) of all 
nanoparticles were made in dimethylformamide (DMF).   
Nanoparticles were always handled in a chemical hood and were disposed of in 
accordance with environmental health and safety standards.    
 
MIC  determination:  The minimum  inhibitory  concentrations  (MICs)  were  determined 
using a Bioscreen C automated turbidimeter (Labsystems, Helsinki, Finland).  The assay 
methods used here are a modification of those given by Lambert et al. (1998).  In these 
assays, the nanoparticles were diluted half‐fold in CAMHB, horizontally across microtiter 
plates,  with  dilution  concentrations  ranging  from  2000  µg/mL  to  7.81  µg/ml.    All 
appropriate controls were included in each test.  Plates were incubated in the Bioscreen 
for 24 hours with shaking 60 seconds prior to each reading in order to resuspend settled 
particles.  The  instrument  collected  optical  density  data  (600  nm)  on  all  wells  at  15 
minute  intervals.    The minimum  inhibitory  concentrations  (MICs) were defined  as  the 
lowest concentration of nanoparticles that completely inhibited growth (OD increase ≤ 
0.05)  after  24  hours  (Branen  and  Davidson,  2004).    All  treatment were  preformed  in 
triplicate wells with each experiment being repeated three times to ensure accuracy and 
reproducibility. 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Bactericidal kinetics: Time kill studies were performed for E. coli ATCC 25922 to further 
measure  the  susceptibility  of  bacterial  cells  to  metal  nanoparticles.  All  metal 
nanoparticles were added to cells in PBS at the same concentration of 250 ppm in order 
to compare differences in susceptibility.   Solutions were incubated at 30°C with gentle 
inversion  on  a  Sarstedt  Sarmix  GM1  (Newton,  NC).  Aliquots  were  removed  at 
determined  time  intervals  (0,  30,  60  min),  and  immediately  diluted  in  serial  ten‐fold 
using phosphate buffer.   A 0.01ml aliquot of each dilution was track plated (Jett et al., 
1997)  on  CAMHA  and  incubated  for  24  hours  at  30°C.  To  investigate  the  impact  of 
suspension  medium  on  antimicrobial  activities  of  the  particles,  the  assay  was  also 
performed  using  CAMHB  as  the  suspension  medium.    Following  incubation,  survival 
rates  were  based  on  comparisons  to  the  untreated  bacterial  control.  Decimal  log 
reduction  values  (D‐values) were  calculated, determined as  the  time  interval  required 
for a single log reduction in bacterial numbers (Mossel, et al., 1995; Jay, 2000).  D‐values 
for  each  metal  treatment  in  their  corresponding  medium  were  calculated  over  time 
from  the  survivor  curves  by  plotting  the  surviving  population  (log10)  against  metal 
treatments  at  each  time point.  The D‐values were determined  as  the  interval  of  time 
required  for  the  survivor  curve  to  provide  a  one‐decimal  logarithm  (1‐log10),  or  90%, 
reduction in the initial viable bacterial population.  They were graphically equivalent to 
the negative  inverse slope of the regression  line (Mossel, et al., 1995; Jay, 2000).   The 
equation of  the best‐fit  line was obtained  through  linear  regression analysis  and both 
surviving population counts and D‐values were analyzed using the General Linear Model 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Procedure  of  the  SAS  statistical  software  (SAS  Institute  Inc.,  Cary,  NC).    Comparisons 
between treatments were made by Tukey’s student range test (P<0.05). 
 
Cell  Respiration  and  Flow  Cytometry:  E.  coli  cells  from  overnight  growth  were 
centrifuged, washed and added  to CAMHB at 108cfu/ml.    The alloy was added at  250 
µg/mL and the suspension was mixed with gentle  inversion on a Sarstedt Sarmix GM1 
for 15, 30, 60, or 90 minutes  followed by  the addition of 2 mM CTC.    Following a 30‐
minute  incubation  with  CTC,  cells  were  centrifuged  (2000  x  g,  5  minutes)  and  the 
supernatant  removed.    Cells were  resuspended  in 10% buffered  formalin  and  fixed at 
room  temperature  for  30  minutes,  after  which  cells  were  centrifuged  (2000  x  g,  5 
minutes) and the fixative removed.  Fixed cells were resuspended in PBS and stored at 
4ºC  until  use.  CTC‐reacted  cells  were  counterstained  with  the  DNA‐specific 
fluorochrome  4',6‐diamidino‐2‐phenylindole  (DAPI)  and  viewed  with  a  fluorescence 
microscope. The  impact of nanoparticles on cellular respiration was also measured via 
flow cytometry using a Becton Dickinson FACSCanto.   
 
Transmission  and  Scanning  Electron  Microscopy  (TEM/SEM):  Basic  physical 
characteristics  of  the  nanoparticles  were  determined  via  TEM.  Dry  nanoparticulate 
powders  were  suspended  in  pentane,  the  suspension  was  added  to  the  surface  of  a 
glass  slide  and  the  solvent  was  allowed  to  evaporate,  followed  by  subsequent  TEM 
analysis.  Physical  interactions  of  copper  particles  in  PBS  were  examined  using  SEM.  
Briefly, overnight cultures of E. coli were added to PBS to a final inoculum concentration 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of  108cfu/ml.  Copper  nanoparticles  (250  ppm)  were  added  to  the  bacterial  culture, 
followed by gentle inversion on a Sarmix GM1 for 15 minutes to allow attachment of the 
particles to the cells.  Unattached nanoparticles were allowed to settle from suspension 
for  5  minutes,  and  the  supernatant  was  removed  and  fixed  with  2.5%  EM‐grade 
glutaraldehyde (in distilled water)   for 15 minutes at room temperature. A drop of the 
sample suspension was applied to a poly‐L‐lysine‐treated silicon chip, allowed to react 
for 5 minutes, followed by osmium tetroxide fixation.  SEM samples were prepared and 
viewed at the University of Iowa Central Microscopy Research Facility (Iowa City, IA).    
 
RESULTS: 
Solvent Dispersion:  Initial evaluation of the nanoparticles focused on the solvent most 
effective at dissolving the nanoparticles without formation of aggregates.  Originally N‐
methyl‐2‐pyrrolidone (NMP), a 5‐membered lactam compound was thought to produce 
the most  homogenous  solution.    However,  an  issue  of macroclumping  in  copper was 
seen  as  a  drawback  of  this  solvent  and  initiated  further  evaluation  of  other  potential 
solvents including dimethylformamide (DMF) and methoxypropanol (PGME).  PGME was 
also found to introduce problems with aggregation primarily with the copper and silver 
nanoparticles.  These loosely associated aggregates could be disturbed upon thoroughly 
vortexing  the solution.   Solvent  issues with  the copper nanoparticles  in NMP could be 
attributed to the differences in chemical affinity for the nitrogen in either NMP for DMF 
because of the five‐membered ring structure introducing constraint in NMP.  This allows 
the  electrons  on  the  nitrogen  to  associate more  easily  in  DMF  than  in NMP,  thereby 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allowing  for  greater  dispersibility  and  less  aggregate  formation  in  this  solvent.  
Additionally,  the QSI‐nano  copper  has  an  outer  oxide  layer  that  is  not  present  in  the 
silver  or  the  alloy which may has  a  tendency  to  facilitate  complex  formation  in NMP.  
This was  in agreement with results comparing all  three solvents  in that reproducibility 
and less aggregate formation was occurring in DMF as compared to the other solvents 
tested.     
 
Minimum Inhibitory Concentrations: MICs for the four metal treatments, copper, silver, 
alloy and a 50:50 mixture of copper and silver using the Bioscreen are listed in Table 1.  
Copper had the highest MIC at 2000 ppm followed by silver and the 50:50 mix at 500 
ppm with the alloy exhibiting the greatest antimicrobial activity in this assay system at 
250 ppm.  In some instances, the beginning OD values were increased in the presence of 
the highest metal concentrations.  This could be seen both in the growth curves as well 
as  visually.    Some of  the metal  solutions were  initially  darker  at  the  beginning  of  the 
experiment due to the high concentration of metal nanoparticles.  At the conclusion of 
the 24‐hour incubation, the dilutions had a decreasing amount of particle settling in the 
wells, which was associated with  the  initial darkness of  the  solution.    Therefore, both 
visual  evaluation  and  ODs  were  used  to  accurately  determine  the  MICs  of  each 
nanoparticle.   
 
Solvation  of  Nanoparticles:    In  addition  to  particle  settling  at  high  concentrations  of 
nanoparticles, there was also increased color formation thus showing evidence of color 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leaching  into  the  supernatants.    The  supernatant  color  formation  varied  based  on 
individual metals.    Silver did not produce any color  in  the  supernatant while  the alloy 
resulted in a decreasingly vivid blue color at 2000 and 1000 µg ml‐1.  Similar color trends 
were  seen  for  the  50:50  mixture  as  for  the  alloy.    Copper  developed  a  deep  blue 
decreasing color at both 2000 and 1000 µg ml‐1 for E. coli.  The leaching of color into the 
supernatants suggests that there may be solvation occurring, especially relating to the 
oxide coatings.   To separate  the effects of  the particles  from any  free  ions  in  solution 
and to determine if the supernatants were themselves antimicrobial, the supernatants 
were analyzed through optical density measurements against E. coli over 24 hours in the 
Bioscreen C.   The metals were added to both PBS and MH at 250 ppm and 2000 ppm, 
allowed to react and develop color for 1 hour at room temperature.  An aliquot of the 
supernatants were half‐fold diluted horizontally across the honeycomb Bioscreen plates, 
and  a  final  inoculum  of  5  X  105  cells  was  added  as  done  previously  for  actual  MIC 
determination of the metals (data not shown).  All the supernatants tested did not show 
any  significant  antimicrobial  activity,  therefore  being  evidence  that  the  color  being 
leached from the nanoparticles did not contain any of the active components.     
 
Bactericidal kinetics:  These results were first determined after observing differences in 
killing  potential  with  metals  incubated  in  PBS  for  kinetic  assays.    Initial  inactivation 
kinetics  determined  in  PBS  showed  copper  to  be  the most  effective  antimicrobial,  in 
contrast  with  the  MIC  results  observed  in  CAMHB  using  the  Bioscreen.    To  further 
investigate this, kinetic studies were carried out simultaneously in both PBS and CAMHB 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(Tables 2 and 3).  In PBS, copper was more effective than the other metals having a D‐
value of 4.1 minutes followed by the alloy and 50:50 mix with D‐values of 4.8 and 4.9 
respectively with silver being the least effective (13.7 minutes).   However, when these 
values were compared to those counts obtained with incubation in CAMHB there were 
noticeable differences. There was not a significant decrease  in bacterial  load after  the 
entire  60  minutes  for  any  of  the  metals  tested.    In  addition,  after  60  minutes  of 
incubation  in  CAMHB,  the  silver,  alloy  and  the  50:50 mix  or  nanoparticles  caused  an 
increase  in  E.  coli  counts  from  their  initial  time  zero  level.    These  levels  were  never 
increased  to  greater  than  the  inoculum  level  of  109  cfu/ml  which  may  indicate 
resurgence  in  growth.    Due  to  this  increase  in  growth,  D‐values were  not  able  to  be 
calculated for these treatment conditions.   
The  initial association and binding of  the cells  could allow  the nanoparticles  to 
exert their disruptive force on the cells, therefore causing the decrease in cell counts at 
the beginning of contact. However, in a complex medium the particles may not be able 
to associate as  tightly with  the cells as experienced  in a buffered environment due  to 
the  salts  and  other  substances  in  the mixture  blocking  binding  or  decreasing  binding 
affinity.    Previous  studies have  shown  that  silver nanoparticles  tend  to aggregate  in  a 
medium of  high  salt  content which  can  decrease  their  potential  antimicrobial  activity 
(Gan,  et  al.,  2004;  Lok,  et  al.,  2006).    This may  cause  the  nanoparticles  to  dissociate 
more  easily  in  CAMHB  and  not  be  able  to  inhibit  the  growth  of  the  cells  therefore 
leading  to  the  resurgence  in  cell  counts.    The  increase  after  60 minutes may  indicate 
that  the  particles were  not  associated with  the  cells  long  enough  to  kill  them  in  that 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time  frame,  but  further  contact  over  a  longer  period  of  time  may  be  enough  to 
eventually kill the cells.  This was observed in the MIC assays as complete inhibition was 
seen  after  24  hours  for  the  copper/silver  alloy  at  250  ppm,  the  same  levels  where 
growth was occurring after 60 minutes in the inactivation assays.   
 
Transmission  and  Scanning  Electron  Microscopy  (TEM/SEM):  TEM  of  the  individual 
metal nanoparticles were dispersed  in a pentane solution which after viewing allowed 
for  imaging  of  the  copper  and  alloy  nanoparticles  (Figure  1).  In  order  to  further 
determine  the  interactions  that  were  occurring  with  the  nanoparticles  and  bacterial 
cells, SEM was employed.   Treatments of  the copper nanoparticles at 250 ppm,  levels 
below the determined MIC, were incubated in both CAMHB and PBS for 15 minutes.  A 
short  duration  was  chosen  to  allow  just  enough  time  for  attachment  to  occur  if  this 
mechanism was happening in these systems.  SEM images revealed markedly increased 
attachment  of  copper  nanoparticles  to  E.coli  when  cells  were  incubated  in  PBS  (vs. 
CAMHB)  (Figure 2).    Increased association of  these particles  to  cell  surfaces  is  likely  a 
major factor in the enhanced antimicrobial activity observed for QSI‐Nano copper in the 
PBS system. 
 
Cell  Respiration  and  Flow  Cytometry:  The  potential  for  the  alloy  nanoparticles  to 
decrease  cell  respiration  as  a  function  of  its  antimicrobial  activity was  tested with  5‐
cyano‐2,3‐ditolyl  tetrazolium chloride  (CTC).   CTC  is a monotetrazolium redox dye that 
can  produce  a  fluorescent  formazan,  based  on  its  oxidation  states,  which  becomes 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fluorescent  when  reduced  by  electron  transport  activity  and  is  deposited  internally.  
Respiration was viewed fluorescently through flow cytometry analysis which allows for 
quantification of the viable population.  At 1000 µg/ml, cell respiration was substantially 
reduced  over  the  course  of  30,  60  and  90  minutes  (Figure  3).  Counterstaining  CTC 
incubated  cells  with  the  DNA‐specific  fluorochrome  4',6‐diamidino‐2‐phenylindole 
(DAPI) allowed for parallel visualization of total and actively respiring cells in the sample 
preparation  via  fluorescence  microscopy  (Rodriquez,  et  al.,  1992).    It  was  visually 
apparent  that  the control E. coli  cells  incubated with CTC were actively  respiring, with 
the CTC being deposited terminally in the cells due to activity of the electron transport 
chain.    However,  after  90  minutes  of  reaction  with  the  alloy,  respiration  was 
substantially  reduced as  evidenced by  the decrease  in  the  fluorescent  red deposits  in 
the E. coli cells (Figure 4).  This visualization along with the flow cytometry data suggests 
that the alloy is exhibiting its antimicrobial effects by effectively reducing bacterial cell 
respiration under these conditions.       
 
DISCUSSION: 
This study demonstrated the antimicrobial effectiveness of commercially available metal 
nanoparticle  catalysts,  including  copper,  silver  and  a  novel  copper‐silver  alloy.    In 
complex  (e.g.  nutrient‐containing)  systems  (CAMH),  the  alloy  was  the  most  effective 
antimicrobial.    Interestingly, this alloy was more effective than a simple binary mixture 
of copper and silver particles present in the same ratio as reported by the manufacturer 
(50:50).  These  data  suggest  unique  interactions  between  these  metals  when  co‐
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localized  at  the  same  attachment  site  on  bacterial  surfaces.    In  a  simple  (e.g.  buffer) 
system  (PBS),  copper was  the most  antimicrobial.    This  surprising  result  can  likely  be 
attributed  to  strong  electrostatic  interactions  between  cells  and  these  oxide‐coated 
particles  in  the  absence  of  nutrient‐mediated  charge  shielding.    These  high  affinity 
interactions were clearly demonstrated via SEM.  The seemingly paradoxical increases in 
cell numbers after a 60‐minute incubation in CAMHB with 250 ppm silver, copper‐silver 
alloy or the 50:50 mix  likely reflect an antimicrobially  ineffective cell:particle ratios, or 
dynamic  association/dissociation  behavior  of  cell:particle  complexes.    The  former 
possibility  is  supported  by  flow  cytometry  experiments,  where  1,000  ppm  alloy  was 
shown to be an effective inhibitor of bacterial respiration.  Collectively, our work clearly 
demonstrates  the  potential  for  these  metal  nanoparticle  catalysts  as  potent 
antimicrobial  agents.    This  suggests  their  utility  in  other  applications,  including  anti‐
infective therapeutics and as components of antimicrobial surface coatings for industrial 
equipment.    Finally,  we  showed  unique  biological  activities  for  a  novel  copper‐silver 
alloy, suggesting the formulation of alloyed nanoparticles as unique strategy for further 
development of more effective antimicrobial nanoparticle treatments.   
 
ACKNOWLEDGEMENTS:  
We thank Dr. Doug Carpenter of Quantum Sphere, Inc. (Santa Ana, CA) for supplying the 
nanoparticles used in these studies and Dr. Tanya Prozorov, Ames Lab, for providing TEM 
images of these particles. 
 226 
REFERENCES:  
Borkow, G.; Gabbay, J. Current Medicinal Chemistry 2005, 12, 2163‐2175.  
Branen, J. K.; Davidson, P. M. Int. J. Food Microbiol. 2004, 90, 63‐74. 
Difco & BBL Manual: Manual of Microbiological Culture Media; Zimbro, M. J.; Power, D. 
A., Eds.; Becton, Dickinson and Company: Sparks, MD, 2003;  p.167. 
Gan, X.; Liu, T.; Zhong, J.; Liu, X.; Li, G. Chembiochem 2004, 5, 1686‐1691. 
Jay, J. In Modern Food Microbiology; Jay, J., Eds.; Aspen Publication: Maryland, 2000. 
Jett, B.D.; Hatter, K.L.; Huycke, M.M.; Gilmore. M.S. BioTechniques. 1997, 23, 648‐650. 
Lambert, R.J.; Johnston, M.D.; Simons. E.‐A.  Lett. Appl. Microbiol. 1998, 26, 288‐292.  
Lok, C‐N.; Ho, C‐M.; Chen, R.;. He, Q‐Y.; Yu, W‐Y.; Sun, H.; Tam, P.K‐H.; Chiu, J‐F.; Che. C‐
M. J. Proteome Res. 2006, 5, 916‐924. 
Mossel,  D.A.;  Corry,  J.K.;    Struijk,  C.B.;  Baird  R.M.  In Essentials  of  the microbiology  of 
foods;  Mossel,  D.A.;  Corry,  J.K.;    Struijk,  C.B.;  Baird  R.M.,  Eds.;  Wiley:  England, 
1995. 
Noyce, J.O.; Michels, H.; Keevil, C.W. Appl. Environ. Microbiol. 2006, 72(6), 4239‐4244. 
Rodriquez, G.G.; Phipps, D.;  Ishiguro, K.; Ridgway, H.F.   Appl. Environ. Microbiol. 1992, 
58(6), 1801‐1808.  
Sondi, I.; Salopek‐Sondi, B. J Colloid Interface Sci, 2004, 275, 177‐182. 
 227 
Stoimenov,  P.K.;  Klinger,  R.L.; Marchin,  G.L.;  Klabunde,  K.J.  Langmuir  2002,  15,  6679‐
6686. 
 
      
 
Figure  1.  “Transmission  electron  microscopy  of  QSI‐Copper  and  QSI‐Alloy 
nanoparticles.” 
 
Figure 2.   “Scanning electron microscopy of E. coli control and E. coli  incubated for 15 
minutes with QSI‐Nano Copper.” 
QSI-Nano Copper QSI-Nano Alloy 
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Figure 3.  “CTC‐based determination of bacterial  respiration via  flow cytometry. E.  coli 
was incubated with the alloy nanoparticles at 1000 ppm for different time intervals (30, 
60,  90  minutes)  and  then  reacted  with  CTC  for  30  minutes  before  examining  on 
FACSCanto Flow Cytometer. Panel A: E. coli control reacted with 2mM CTC; Panel B: E. 
coli reacted with CTC and Alloy – 30 minutes; Panel C: E. coli reacted with CTC and Alloy 
‐ 60 minutes; Panel D: E. coli reacted with CTC and Alloy ‐ 90 minutes.” 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Figure  4:  “Inhibition  of  cell  respiration with  alloy  nanoparticles  viewed by  fluorescent 
microscopy with CTC. (Left) E. coli and CTC control, (Right) E. coli, CTC and Alloy after 90 
minutes of  incubation. Respiring cells are able  to reduce CTC and deposit  it  internally, 
seen as red fluorescent inclusions at cell termini.” 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Table 1: Minimum inhibitory concentrations (MIC) of QSI‐nanoparticles with E. coli after 
24 hours  
  MIC (µg ml‐1) (ppm) 
Strain  Copper  Silver  Alloy  50:50 Mixture 
E. coli  2000  500  250  500 
 
 
Table 2.  Inactivation of E. coli ATCC 25922 with QSI‐nanoparticles, copper, silver, alloy 
and 50:50 mix incubated in PBS. 
Time (min)  Survivor counts1 (log10CFU ml
‐1) per time (min)  D‐value (min)2 
  0  30  60   
Copper  8.44a  4.93a  1.75a  4.1 
Silver  8.85a  8.20b  7.27b  13.7 
Alloy  8.85a  7.00b  3.70a  4.8 
50:50 Mix  8.63a  3.59a  3.00a  4.9 
1 Survivor counts were reported as mean values of three replications 
2 Decimal  reduction  time  (D‐value)  is  the unit  time of exposure  that will  results  in a 
single log10 reduction in E. coli population 
a,b  Microbial  counts  on  the  same  row  followed  by  the  same  letters  are  not 
significantly different at (P>0.05). 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Table 3.  Inactivation of E. coli ATCC 25922 with QSI‐nanoparticles, copper, silver, alloy 
and 50:50 mix incubated in CAMHB. 
Time (min)  Survivor counts (log10CFU ml
‐1) per time (min) 
  0  30  60 
Copper  8.75a  8.38a  8.31a 
Silver  8.71a  8.83b  8.89b 
Alloy  8.71a  8.77b  8.79b 
50:50 Mix  9.76a  8.80b  8.85b 
1 Survivor counts were reported as mean values of three replications 
2 Decimal  reduction  time  (D‐value)  is  the unit  time of exposure  that will  results  in a 
single log10 reduction in E. coli population 
a,b  Microbial  counts  on  the  same  row  followed  by  the  same  letters  are  not 
significantly different at (P>0.05). 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CHAPTER 7. GENERAL CONCLUSIONS 
It  is  clear  that  the  ability  to  evaluate  and  enhance  the  activity  of  antimicrobial 
compounds  is  possible  and  can be extended using  a number of  different  compounds.  
This  could  have  beneficial  uses  in  a  wide  range  of  applications  as  highlighted  by  the 
diversity of compounds that are either enhanced or have the potential to be enhanced 
as evidenced by the previous scope of research.  This research demonstrates the ability 
of  biomimetic  polymers  and  small  molecules  to  be  antimicrobial  alone,  and 
accompanied  by  an  increase  in  activity  when  in  the  presence  of  sesquiterpenoids. 
Additionally,  work  with  essential  oils  demonstrated  the  promise  for  multicomponent 
antimicrobial  systems  with  potential  applications  in  foods  and  food‐contact  surfaces, 
due  to  their  GRAS  status.  The  findings  suggest  that  the  mechanism  by  which  this  is 
occurring  could  be  through  an  increased  permeabilization  of  the membrane,  thereby 
allowing the active compounds entry into the cell.  While this is a preliminary indication, 
further  research  into  the mechanism of action  is needed.   This  is especially  important 
when the synergistic and additive effects of the compounds are considered, due to the 
fact  that  different  compounds  can  effectively  target  the  outer  or  cytoplasmic 
membrane, thereby creating potent combinations. 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